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GENERAL INTRODUCTION 
Whereas introgression of genes from one race or species into an­
other has been a factor in the evolution of plants in nature, both 
natural and artificial introgression have played a part in the develop­
ment of many agricultural species. 
Stebbins (1970) outlined the sequence of events in natural intro­
gression: (1) hybridization, (2) backcrossing, and (3) stabilization 
of backcross types by selection. In nature, a direct hybrid between two 
very diverse parents is usually unadapted to the habitat of either parent 
and is at a selective disadvantage. Backcrossing, by producing progeny 
adapted to the habitat of one parent but containing small amounts of 
germplasm of the other, can permit an enduring transfer of genes. 
Likewise in plant breeding, crosses between cultivated strains 
and wild or weedy relatives usually produce very few or no agronomically 
acceptable progeny. MacKey (1963) suggested in the case of wide crosses 
that the breeder backcross one or more times to the adapted parent. The 
number of backcrosses is determined by the relative importance of 
(1) mean performance and (2) genetic variability. For example, if a base 
population for recurrent selection is being established, fewer back-
crosses will be made than if a single disease-resistance allele is be­
ing added to a cultivar. 
In this study, the results of introgressing germplasm from wild 
diploid sorghum (Sorghum bicolor L. Moench) races into grain sorghum 
cultivars are examined. The wild, weedy, and cultivated sorghum races 
intercross readily; introgression of wild germplasm into cultivars has 
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occurred continuously in Africa since the domestication of the crop 
(Doggett, 1965; DeWet et al., 1970). It is possible, however, that 
some agronomically useful genes or gene complexes present in the wild 
races were not retained during the development of modern grain sorghum 
cultivars. 
The objectives of this study are: 
(1) To determine the theoretical and actual degree of genetic 
variation produced by introgressing germplasm of three wild 
sorghum races into cultivated sorghum strains; 
(2) To evaluate the potential of introgression for grain yield 
improvement in sorghum and find the relationship, if any, 
between the proportion of wild germplasm in a population and 
the occurrence of high-yielding progeny; and 
(3) To determine the degree and pattern of association among 
traits in the introgression populations and whether there 
are tightly coherent complexes of "wild" traits. 
Review of Literature 
Natural introgression in crop species 
Gene flow between crops and sympatric wild relatives occurs natu­
rally, often facilitated by weedy intermediate forms (Harlan, 1965). 
African sorghum represents a crop-weed-wild complex in which 
introgression has played an important role (DeWet and Huckabay, 1967; 
Doggett and Majisu, 1967). For example, race arundinaceum is a wild 
grass of the west and central African tropical forests and hybridizes 
with cultivated race guinea, producing troublesome weeds. Introgression 
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of genes from arundinaceum into the early cultivated types may have pro­
duced the guinea phenotype and permitted extension of grain sorghum 
cultivation into the forests (DeWet et al., 1976). 
In addition, race virgatum crosses with durra sorghums in north­
east Africa. Race verticilliflorum is widespread and crosses with culti­
vated types over the entire African savanna. Race aethiopicum crosses 
with cultivated races caudatum and durra in the dry savanna of West 
Africa (DeWet et al., 1976). 
Doggett and Majisu (1967) showed 105 progeny rows derived from 
a natural wild x cultivated hybrid to local Ugandan women, who selected 
57 heads to which they gave names of varieties currently in cultivation 
in the area. This suggests the possibility of natural introgression, 
since a few hybrid progeny surviving to the Fg (or a backcross genera­
tion) might not be rogued out of a field, though containing, and pass­
ing on to their progeny, wild genes. 
Doggett and Majisu (1967) considered African sorghum to be a case 
of disruptive selection. Despite considerable gene flow between wild 
and cultivated races, it was found that the contrasting influences of 
artificial and natural selection maintained a wide phenotypic divergence 
between the two populations. 
According to Manglesdorf (1961), teosinte (Zea mays ssp. mexicana, L. 
Schrad.) grows extensively in and around maize (Z. mays, ssp. mays) fields 
in Mexico and Guatemala. Farmers remove teosinte and hybrid plants (which 
make up 50% of the stand in some cases), but only after pollen has been 
shed. Introgression from Tripsacum into maize is also evident in areas 
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of South America where, despite the absence of teosinte. the local 
maize has tripsacoid characters. 
Stalker et al. (1977) demonstrated that Tripsacum germplasm can 
be introgressed into maize by repeated backcrossing. However, DeWet 
et al. (1968) pointed out that experimental introgression cannot 
prove that natural introgression has occurred, and maintain that it 
is more likely that tripsacoid maize resulting from teosinte-maize 
introgression was carried into South America by early cultivators. 
Introgression between the cowpea (Vigna unguiculata L. Walp.) 
crop of Nigeria and its companion weed has occurred throughout the 
history of the crop (Rawal, 1975). The crop and weed had a common 
wild progenitor. 
In West Africa, cultivated x wild rice (Oryza sativa x 0. 
perennis subsp. barthii) hybrid derivatives are common, but usually 
highly sterile (Chu and Oka, 1970). Subspecies barthii may have 
evolved sterility barriers because it is an outcrossing species and 
would otherwise be subject to a high gene flow from 0. sativa. Also, 
Chu and Oka (1970) detected introgression between Cuban populations 
of 0. sativa and 0. perennis, usually with backcrossing to 0. sativa. 
Heiser (1959) suggested that the great variability and extensive 
distribution of the sunflower (Helianthus annuus) may be largely a 
consequence of absorbing genes from other species. 
Introgression from cultivated sorghum into wild and weedy forms 
is extensive in Africa. It probably occurs more often than introgres­
sion from the weed into the crop, since wild sorghum is more highly 
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outcrossed than the cultivated types (L. R. House, ICRISAT, personal 
communication). Doggett (1965) proposed the possibility that the 
wild sorghums of many parts of the continent are not really wild at 
all. The wild progenitor of all sorghums may have had a restricted 
range, and today's spontaneous races may be weeds escaped from 
cultivation, each race having traits of the cultivated race from which 
it was derived. It is more likely, however, that wild sorghums simply 
have been modified by crossing with the crop (DeWet, 1978). 
Teosinte takes on the characteristics of the varieties of maize 
growing in its vicinity (Manglesdorf, 1961). The bulk of the varia­
tion in a weedy rye (Secale montanum x S. cereale) population from 
northern California is probably due to introgression from cultivated 
rye (Jain, 1977). On the other hand. Brown et al. (1978) ruled out 
introgression from cultivated types as the source of polymorphism in 
wild barley (Hordeum spontaneum Koch) in Israel because of generally 
low outcrossing rates and the lack of association between the out­
crossing rate in a given area and the diversity found there. 
It could be concluded from the literature on natural introgres­
sion that in some crop species, the wild and cultivated types have 
so many genes in common that use of wild germplasm would not be worth­
while. However, this cannot be assumed in all cases. For example, 
races arundinaceum and virgatum of sorghum often grow outside the 
range of the sorghum crop in very different ecological niches (DeWet 
et al., 1976). Harlan (1965) described wild and weed populations 
as genetic reservoirs, periodically injecting variation into the 
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crop. This new germplasm is retained in the crop only when it con­
fers adaptation to a changing environment. 
Doggett (1965), following the ideas of Anderson (1948), empha­
sized the importance of a shifting "hybrid environment," consisting 
of recently abandoned land and field margins, as an area to which 
weeds are adapted. The very different selection pressures acting 
in farmers' fields, wild stands, and the hybrid environment may great­
ly reduce the overlap of the cultivated, wild, and weedy gene pools 
(Doggett and Majisu, 1967). 
Spiess (1977) lists a number of studies demonstrating that the 
effects of gene flow between populations can be almost completely 
nullified by strong selection pressures. 
Introqression for improvement of quantitative 
traits in crops—strategy 
Uses of introgression in a breeding program fall into three cate­
gories: 
(1) Transfer of a simply inherited trait to an adapted culti-
var with little change in the rest of the cultivar's geno­
type (e.g., disease resistance); 
(2) Transfer of a quantitatively inherited trait for which 
the wild parent is superior (e.g., high grain protein con­
tent) ; 
(3) Improvement of a cultivar for a quantitative trait for 
which the wild parent is inferior (e.g., grain yield). 
The first category involves straightforward backcrossing with 
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selection (Briggs and Allard, 1953) and will not be discussed further 
here. The second is a more complex problem, but requires a strategy 
similar to the first except that lower heritabilities must be dealt 
with and larger population sizes used. Briggs and Allard (1953) 
suggested establishing several different backcross lines slightly 
improved for the quantitative trait and then intercrossing them. In 
any case, expression equal to that of the wild parent may never be 
obtained. 
The third category is an extreme example of "high x low" cross­
ing. Langham (1961) described the High-Low breeding method, predict­
ing that low-yielding lines (for example) would contain modifying 
genes that increase yield, and that these could be transferred to 
high-yielding lines, which would contain the negative alleles of the 
modifiers. This distribution of alleles, he said, would be a conse­
quence of the tendency of natural selection to favor intermediate 
phenotypes. He was successful in using the technique with sesame 
(Sesamun indicum). 
The frequency of deleterious alleles in an introgression popula­
tion can be reduced by backcrossing to the cultivated parent. The 
number of backcrosses that will give the maximum probability of obtain­
ing progeny superior to the recurrent parent has been predicted in 
several theoretical and simulation studies. 
Baker (1976) found that with unlinked loci, the BCg produced 
the largest percentage of transgressive homozygous lines if the ratio 
of plus alleles in the recurrent parent to plus alleles in the donor 
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parent was greater than about 2 to 1. Only when the ratio was 20 to 
1 or greater was it worthwhile to make more than two backcrosses. 
Linkage increased the optimum number of backcrosses. 
Bailey (1977) considered the following situation: (1) either 
20 or 60 unlinked loci, (2) 80% of the favorable alleles in the re­
current parent, and (3) one to five single-plant backcrosses followed 
by single seed descent to homozygosity with and without selection. He 
found (1) that 3 to 4 backcrosses were optimum for obtaining progeny 
with at least one more plus allele than the recurrent parent, (2) that 
with selection, the optimum number was decreased, (3) that the optimum 
number of backcrosses was higher with more loci segregating, and 
(4) that in most cases the probability of obtaining progeny exceeding 
the recurrent parent by two or more plus alleles was quite low, gener­
ally only one tenth as great as the probability of recovering one 
plus allele. He pointed out, however, that slightly superior progeny 
could be valuable in a second cycle of crossing. 
By alternating backcrossing and selection in a computer simula­
tion study, Reddy and Comstock (1976) found that no more than five 
alleles can be transferred from a donor parent, and then only with a 
good donor, a laborious three-stage program, and a high heritability. 
Dudley (1982) established BCQ to BC^ populations by computer 
simulation and initiated mass selection with recombination in each. 
With any inferior donor, at least one backcross shortened the number 
of cycles of crossing and selection necessary to have more than 25% 
of the progeny better than the recurrent parent. If only 5 to 10% of 
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the plus alleles were in the donor parent, two to three backcrosses 
were optimum. 
In summary, when one parent of a mating contains most of the favor­
able alleles, one to three backcrosses should be made to the superior 
parent. In introgression programs, this is equivalent to establishment 
of populations containing 6 to 25% wild germplasm. 
Introgression for improvement of quantitative 
traits in crops—results 
Quantitatively inherited traits for which the exotic donor parent 
was superior have been transferred by backcrossing with varying degrees 
of success (Stalker, 1980). Oldemeyer (1975) attempted to introgress 
the high yield genes of fodder beets (Beta vulgaris) into sugarbeets 
while maintaining the high sugar content of the latter. Because the two 
traits are negatively correlated, it was hoped that the two forces of 
(1) mass selection for high yield and (2) backcrossing to increase sugar 
content would move the "recombination spindle" (Anderson, 1949) in the 
desired direction. However, little progress was made, probably because 
of a physiological dependence between the two traits. 
Genes for fiber strength of cotton have been introgressed from a 
tri-species Gossypium hybrid to 6. hirsutum with only a small yield re­
duction (Meredith, 1977). 
Drought and cold tolerance, erectness, vigor, sugar content, and 
tillering of sugar cane (Saccharum officinarum) have been improved by 
introgression from wild Saccharum species, which have been used in breed­
ing programs since the late 1800s (Panje, 1972; Dunckelman and Breaux, 
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1968, 1972; Walker, 1972). 
Rick (1974) crossed the cultivated tomato (Lycopersicon esculentum) 
to the wild chmielewskii (which has a high solids content) and back-
crossed to I., esculentum five times. He recovered sel fed lines with a 
40% increase in soluble solids content—about half the difference be­
tween the two species. 
Genes for high groat protein content (Cox, 1979; Frey, 1977; 
Kuenzel, 1982) and high groat-oil content (Thro, 1982) have been intro-
gressed from Avena sterilis, a wild oat, into A. sativa. High-protein 
lines have been recovered which have high yield and good agronomic 
characteristics. 
The more complex problem of using introgression of wild germplasm 
to improve grain yield, for which the wild parent is almost always 
inferior, has been addressed in a number of studies. 
Reeves (1950) introgressed teosinte germplasm into a maize inbred 
and recovered lines which yielded 20% more than the inbred parent. From 
a maize/teosinte population, Efron and Everett (1969) selected lines 
with grain yield similar to checks, but with higher dry-matter produc­
tion. Reeves and Buckholdt (1964) selected maizexTripsacum introgression 
lines with higher per se yields than their maize parent, but none with 
higher testcross yields. Two of the high-yielding lines showed the in­
fluence of Tripsacum germplasm in several morphological characters. 
Spancross, a peanut (Arachis hypogea) variety, is a selection from 
a mating between the variety Argentine and a wild species, A. monitcola. 
Spancross yields 3.5% more than Argentine (Mammons, 1970). From matings 
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between a low-yielding A. hypoqea line and a wild diploid. Stalker 
et al. (1979) selected four lines which yielded 56 to 68% more than 
the A. hypoqea parent. One line had a yield equal to NC5, an economi­
cally desirable variety. One line had a significantly higher per­
centage of large pods than NC5, one a significantly higher percentage 
of large seeds, and three a significantly higher 100-seed weight. 
The first extensive studies of the theoretical and empirical 
results of controlled introgression were done in oats (Lawrence, 1974; 
Lawrence and Frey, 1975, 1976; Frey, 1976). From eight matings be­
tween North American A. sativa parents and accessions of A. sterilis, 
a wild oat of the Mediterranean area, random BCgFg- through BC^Fg-
derived lines were obtained. Using the parental means and the range 
and variance of the BCgFg for each mating, Lawrence (1974) calculated 
the number of positive effective factors contributed by each parent 
for each of several traits. For grain yield, A. sterilis parents 
contributed from 25 to 40% of the plus factors. With this information 
on effective factors, Lawrence (1974) predicted that the BCg through 
BC^ generations would be optimum for selecting agronomically suitable, 
high-yielding oat lines in most matings. Evaluation of the introgres­
sion populations supported the predictions, with the BC^ giving the 
most superior lines in most cases. The average frequency of trans­
gress ive segregates for grain yield in the BCg, BCg, and BC^ popula­
tions was 14%. 
Some elite lines from the oat introgression study have shown a 10 
to 29% yield advantage over the recurrent parent through several years 
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of testing. They are similar to the recurrent parent for other 
agronomic traits (Frey, 1976). 
Subsequent studies showed that the high yield of these lines was 
due to a greater vegetative growth rate (Takeda and Frey, 1976) which 
allowed (1) a mean 8% increase in number of spikelets per panicle due 
to a larger photosynthetic area before anthesis and (2) a mean 12% in­
crease in seed weight due to maintenance of a large green leaf area over 
a longer period during grain filling (Bloethe-Helsel and Frey, 1978). 
Murphy (1981) compared multiple-parent oat populations containing 
an average 12.5% wild germplasm with others of completely cultivated 
parentage. For grain yield, both means and genetic variances were lower 
in the introgression populations. The highest-yielding parent's mean 
was exceeded by 14.9 and 26.0% of the lines from introgressed and non-
introgressed populations, respectively. Murphy (1981) concluded that 
completely cultivated populations would give the best short-term re­
sults, and that superior introgression lines should be used in a second 
cycle of crossing and selection. 
Interspecific oat crosses generally have been made with A. sativa 
as the female; however, Robertson (1980) found favorable interactions 
between specific A. sativa nuclear genomes and A. sterilis cytoplasm. 
He found an average 6% increase in grain yield over lines with A. sativa 
cytoplasm. 
Rodgers (1982) studied introgression populations of barley CH-
vulqare x ji. spontaneum), comprising random BC^Fg- through BC^Fg-derived 
lines. Average transgressive segregation for high-yield in the BCg 
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through BC^ ranged from 1.7 to 9.6% for nine j4. spontaneum parents. 
He found that the distributions of lines in some matings had low means 
but elongated positive tails. Breeding value parameters based on BCQ 
and BC-j populations were used to predict which ji. spontaneum parents 
would have high percentages of high-yielding progeny in the BCg to BC^. 
Correlations between BCQ breeding value parameters and three "success" 
criteria (means of lines above, one standard deviation above, and one 
LSD above the recurrent parent's mean) were high, whereas correlations 
involving BC^ parameters were never significant. 
Organization of genus Sorghum section Sorghum 
The genus sorghum is usually divided into five sections (Garber, 
1950), of which one. Sorghum, contains all cultivated genotypes. Snowden 
(1936) recognized 36 cultivated species, and the wild taxa were divided 
into 21 species by Snowden (1955). 
DeWet (1978) reduced the number of species in the section to three: 
S. halapense, S. propinquum, and S. bicolor. The first two are 
rhizomatous, and the third includes all annual wild, weedy, and culti­
vated forms. All races of S. bicolor are diploid and intercross readily 
to produce fertile hybrids. 
Subspecies bicolor of bicolor comprises the cultivated races 
bicolor, kafir, caudatum, durra, and guinea and all intermediate races 
resulting from hybridization among them (Harlan and DeWet, 1972). 
Subspecies arundinaceum contains the wild races verticilliflorum, 
arundinaceum, virgatum, and aethiopicum. These races grade into one 
another due to hybridization (DeWet, 1978). 
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Explanation of Thesis Format 
This dissertation contains four sections. Section I outlines the 
derivation of the theoretical means and variances of populations of 
BCgFg-derived lines. Section II presents the actual means and genetic 
variances for grain yield and related traits obtained from wild x 
cultivated sorghum backcross populations and compares them with the 
expectations derived in Section I. Section III gives results of intro-
gression for yield improvement in sorghum and information on genotype x 
environment interaction. Section IV is a study of trait associations in 
these same sorghum introgression populations, involving a wide range of 
agronomic and other morphological traits. 
Each section is in the form of a complete paper that will be sub­
mitted to a professional journal. Appendices to all sections appear at 
the end of the dissertation. Appendices and references to them will not 
be included in published papers. A General Discussion of all three sec­
tions follows Section IV. References cited in the General Introduction 
are listed in "Additional References Cited," following the General 
Discussion. The alternate format is authorized on p. 6 of the 1981 
edition of the Iowa State University Thesis Manual. 
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SECTION I. EXPECTATIONS OF MEANS AND GENETIC 
VARIANCES IN BACKCROSS POPULATIONS 
16 
ABSTRACT 
The genetic variance among Fg-derived lines of backcrosses 
(BCgFg-derived lines) depends on the backcross generation (g), the num­
ber of F"! plants crossed and sel fed in generations 1 through g, and 
the number of BCgFg-derived lines evaluated. Additive genetic vari­
ance decreases linearly with backcrossing when one BCF-j plant per 
generation is crossed and selfed. The relationship is curvilinear if 
more than one BCF-j plant is used; as the number of BCF-j plants in­
creases, additive genetic variance in the BC^ approaches that in the 
BCQ. The effect of population size on genetic variance is due both to 
fixation of alleles in previous generations and to sampling of geno­
types in the population being evaluated. Dominance and repulsion link­
age can cause small increases in genetic variance from BCQ to BC .^ 
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INTRODUCTION 
Utilization of exotic gertnplasm often involves backcrossing to an 
adapted parent before starting selection, to restore agronomic suita­
bility (MacKey, 1963). Several recent theoretical (Bailey, 1977; Baker, 
1976), computer-simulation (Dudley, 1982; Reddy and Comstock, 1976), 
and empirical (Lawrence and Frey, 1975; Rodgers, 1982) studies have 
investigated the distribution of progeny in populations derived from 
backcrosses and the implications for plant breeding for quantitative 
traits. 
To improve a quantitative trait when one parent is inferior to the 
other, a plant breeder must make enough backcrosses to increase the 
mean sufficiently but not so many that genetic variance is reduced 
below the level required for successful selection. In this paper, the 
theoretical means and genetic variances of populations of random F2-
derived lines from successive backcrosses are expressed in terms of the 
number of backcrosses, the number of plants crossed and selfed in 
each backcross generation, and the number of Fg-derived lines evaluated 
per F-j family. 
Population Structure 
The types of populations considered in this paper have been utilized 
experimentally by Lawrence and Frey (1975) and Rodgers (1982), and in 
Sections II-IV. 
Populations are developed as follows. A cross is made between the 
recurrent and donor parents; the F-j is backcrossed to produce the BC-jF-j 
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and also selfed to produce the BCgFg generation (Fig. 1). Individual 
BCgPg plants are self-pollinated to produce BC^Fg-derived lines. 
Pollen from a number (n-j) of BC^F^ plants is bulked and used to make 
the second backcross, producing the BCgF^; the same n-j BC-jF^ plants 
are sel fed to produce the BC-jF2. BC^Fg seed is bulked and planted, 
and BC^Fg-derived lines produced as in the BCQ. The process is 
repeated through any number of backcrosses (Fig. 1). 
BCFg-derived lines may be propagated by self-pollination through 
any number of generations, with bulking of seed of selfed plants within 
lines. Thus, for example, we refer to BC2F2-derived lines in the Fg, 
BCgFg-derived lines in the F^, etc. 
Cultivated x Wild 
+ 
F, 50 F^ plants -> 50 Bc^F^-derived lines in F 
1 
— X — 
4-
Bc^F^ -> 50 Bc^Fg plants 50 Bc^Fg-derived lines in F 
I—X— 
u BCgF^ X 
+ 
BCgF^ 
L-x— 
Bc^F^ • • 
Figure 1. Development of introgression populations 
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RESULTS 
The mean of the BCgF^ generation in the absence of epistasis is 
Wg = R - " ^"2^ H) (1) 
where R is the mean of the recurrent parent and H the mean of the 
BCQF^. Thus, depending on which parent has the higher value, the mean 
will increase or decrease linearly with the percentage of cultivated 
germplasm in the population for g = 0 ..."(Fig. 2). 
Genetic Variances of Backcross Populations 
The genetic variance among BCgF2-derived lines was obtained for 
two cases: (1) an additive model with dominance and (2) a two-locus 
additive-dominance model with repulsion linkage. 
Additive model with dominance 
The genetic variance among BCgF2-derived lines may be divided into 
two components: (1) variance among BCgF-j families and (2) mean vari­
ance among BCgFg-derived lines within BCgF^ families. Symbolically, 
VqCFi) = 0. For g > 0, Vg(F^) depends on the number of F-j plants 
selfed to produce generation g and on the number of F-j plants back-
crossed in generations 1 through (g-1). Vg(F]) may be derived as 
follows. 
Let ng be the number of BCgF^ plants which are selfed to produce 
21 
Cultivated parent > Wild parent 
Wild parent > Cultivated parent 
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Figure 2. Relation between generation means and percentages of 
cul t ivated germplasm with and without  dominance ( for  
BC Fg-derived lines in the F^) 
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BCgF2-derived lines and let k be the number of loci segregating. 
Consider locus i at which Xg out of n^ BCgF^ plants are hetero­
zygous. Let families derived from BCgF-j plants of the following geno­
types have the indicated means: 
Family mean (BCgF2-
BCgFi genotype Frequency derived lines in F<) 
B,b, fa 
)(n 
The variance among families, in the case of no dominance (d^ = 0), 
is 
( V g f F i i i l X g )  =  * i  •  
9 
The probability that Xg BCgF-j plants are heterozygous at locus 1 
is given by the binomial formula: 
where Xg_^ plants were heterozygous in the BCg_^F^. The variance due 
to locus i is 
Vg(Fl)i = 
=i!, ^ 4^ - f (4) 
which can be reduced to 
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Xr 
g g-
(see Appendix B). For generation g+1. 
«'•Î (5) 
Vg+lfF]), 
which can be reduced, in a similar way, to 
Vg+l(Fl)i = [(T 
g • g+1 g-1 g g+1 g-1 
Repeating the process for generation g+2, summing over loci (assum­
ing absence of linkage and epistasis), and then letting g=l (so that 
1), we have f9zl = f!0 = 
"g-1 "O 
Vl(Fl) = °A 
*2(^1) = [(1 -
*3(^1) = [(1 
2 
where is the variance among BCpF^-derived lines (total potential 
additive variance). 
In general, if n^ " "2 ~ "* ~ 
Vg(F,) = 
VqCF,) = 0 
g-1 
n (1 - 4") - (1 -
k=0 2 n 
(5)' c, . (9 > 0) 
(9) 
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In the case of f 0, the coefficients of d- and a.d^ may be 
calculated in the same way, so that 
Vg(fl)= 
g-1 
n (1 - (1 
k=0 2 n 
(1)9 
AD (10) 
Vg(F2/Fi) is independent of the number of F^ plants selfed in any 
backcross generation, but does depend on the total number of Fg plants 
selfed in generation g. Consider the class of segregating F^ families 
comprising a total ofvFg plants having the following genotypic fre­
quencies and means: 
F? plant genotype 
BiB. 
B,.b-
bibi 
Frequency 
w/v 
y/v 
z/v 
Genotypic mean of Fg-
derived line in F^ 
-a^ 
Then, if d- = 0, the genetic variance within a family is 
where w + y + z = v. 
The variables w, y, and z follow the trinomial distribution: 
P(x» y» z) = (^)"(^)^(^)^ . 
and the expected variance within classes of F^ families is 
(11) 
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P(BCgF, . Bb)-UP(w,y,z)lBCgF, = 
' ih\l - (¥)'I A| 
w — I y— 1 
= (1 - a? (see Appendix C) . (12) 
If an average ofmFg plants per F-| family are selfed, then V = (^j^mng 
and 
^g^V^l^- = 4 ' % > 2^ (13) 
2 The coefficient of d^ may be calculated in an analogous fashion, 
so that 
1 Q"*"! 1 9 1 2s-3 P 
TtFz/F,) = [(?) (7) "h • (14) 
Since Vg = Vg(F,) tVgCFj/F,). 
1 1 ? 1 2s-2 2 1 
^1 = t(l - ^ -)(4)][CA + (2) 
1 1  9  1  p  
+ [4 • + (?) , 
^2 = - (l-fr-)n~)(T^)][a^+ (^) 4- (i) a 
' 2s-3 ' 
2 2 
^3 - t(l-4FiY)(l-2^)(l-T^)(ïï^-(l-ïï^)(l-i^Hl-^)(^)] [o^  
1 2s-2 o -1 s-2 
+ (g) - (?) *AD] 
+ [1? - 2ny^ g][°A + (?) ' ""gV 
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In general, if n BCF-j plants are crossed and sel fed in each genera­
tion 1 to g and a total of mn BCgFg plants per generation are sel fed. 
\ ' 'g(Fl) * VglFg/Fl) 
V(1 - 4-) -
k=0 2^ " 
2s-R 
[^A (?) > ^9 
(t)9 2 1 2s-2 2 1 S-2 + (2) °D - ¥ 
'AD 
and 
9  1  a  I n ?  1  9 ''"2s-2 p  
lim V_ = k - a. + (•5-) aj 
(16) 
n-w 
m-x» 
1 a 1 [1 - (7)^] [(7) Can] 
A • \2' 
AD^ (17) 
The sign of depends on whether the products a.d^ for the 
separate loci are predominantly positive or negative. The sign of 
a-d^. will be according to the following chart: 
Effect of allele 
from cultivated 
parent 
Positive 
Negati ve 
Dominance of cultivated allele 
Domi nant No dominance 
0 
0 
Recessive 
To the extent that alleles behave additively or that dominant and 
positive alleles are dispersed between the parents, the term involving 
is reduced. The term will be small in relation to the term involv-
ing because of the low degree of heterozygosity. 
The relationship between Vg and g for different combinations of n 
and m is shown in Figure 3. 
0.500 r- n = 32, m = 2 
0.375 
CM «y: D 
4-
o 
•ë 0.250 
<u 
0 
E <u 
o 
o 
0.125 
0 
BC, 
± 
BC, BC, 
1 J 
BCo BC, 
Figure 3. 
'0 ""1 ""2 ""3 ""4 
Generation 
Change in genetic variance with backcrossing (in absence of dominance} for four combina­
tions of number of Fi families (n) and number of lines per family (m). The total number 
of lines is constant (nm = 64) 
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Repulsion linkage 
Consider two loci linked in repulsion with recombination frequency 
r. Given that a large number of BC^F^ and BCgF^ plants are crossed 
and selfed (n-»«) and that large populations of BCFg-derived lines are 
evaluated (m^), the sixteen possible genotypes of BCgFg-derived lines 
will occur in the frequencies given in Table 1. Genetic variances 
computed from Table 1 are: 
Generati on ^ 
BCQ ra^ + (r^ - r + ^ d^ 
BCi r^ + l r)a2 + + r^-| ^  + |) d^ 
BCg (^r^-|r2 + r)a^+(j)^(]-r^-|r^ + |r2-lr+ ^ ) d^ 
For r = Y» these expressions give the same results as formula 17. 
The relationship of to r for d = 0 is depicted in Fig. 4. 
> VQ > Vg for any value of r except ^ and 0. Genetic variance is 
increased with backcrossing because of the additional opportunity for 
recombination at meiosis in the BC-jF-j plants. However, for this re­
combination to cause a large relative increase in variance from the 
BCQ to the BC-j, r must be very small, causing drastic reductions in 
the absolute variances (Fig. 4). The dominance component of variance 
would be reduced by recombination, causing a decrease in genetic vari­
ance from BCQ to BC^ for d > 0. 
Table 1. Fg plant genotype, value of the line in Fg derived from that genotype, and genotypic 
frequencies in the BCn, BCi, and BC2 in the case of repulsion linkage between loci A 
and B with recombination frequency r 
nianf F^-derived Genotypic frequency 
r2 pi ant 
genotype eCo BC, 
AABB a ^ r" - ^  r' + ^ r 
AABb 
1  , i ^S - l  
^ a + (^) d - ^ r^ + ^ r 
AAbb* 0 i - i r + i 
AaBB 
1  1 s-1 
^ a + 1^) d 
-  2  ^  r  - F '•''-1 '•'"1 >• 
AaBb r^ - r + I" 
Aabb 
1 1 
- 2" ^ (^2 ^ d - ^ r^ + •^ r • 5 ••''^1 '"'-f 
aaBB* 0 
aaBb 
1 1 s-1 
~ 2  (2") d - 1 + ]• r 
aabb -a 
^Parental genotype. 
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Figure 4. Relationship between genetic variance and recombination 
frequency for two loci linked in repulsion 
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DISCUSSION 
Wright (1931), by considering the binomial sampling of 2N gametes, 
showed that a fraction, 1/2N, of all segregating loci will become fixed 
with every generation of random mating within a population of N 
individuals. The average allelic frequencies, and thus the expected 
genotypic mean, will not change, but the variance of the allelic fre­
quency will. Accordingly, the genetic variance after t generations 
will be 
Vj Ml - v„ (18) 
where is the initial genetic variance (Buimer, 1980). 
When backcrossing is studied, binomial and trinomial sampling of 
genotypes, and not gametes, is more appropriately used because mating 
is not random and mean allelic frequencies change from generation to 
generation. Thus, I utilized sampling of F-j or Fg plants. The asym­
metric nature of the backcross populations considered herein resulted 
in formulas for genetic variance which are more complicated than 
formula 18. The formulas may be compared by rearranging, as an example, 
formula 15 for the BCg: 
Terms involving n^ and ng signify reduction in variance due to 
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fixation of alleles in previous generations. They are analogous to the 
term (1 - in formula 18, except that the effect of F-j plant number 
in earlier generations (grandparental, great-grandparental, etc.) is 
successively reduced, since each BCF^ generation contributes only ^ of 
the genes of the following generation. The term (l-;f-) signifies re-
"3 
duction of variance due to a finite number of BCF-j plants in the 
present generation. It has nothing to do with fixation of alleles, but 
is due to random deviations from the expected ratio of heterozygous to 
homozygous F^ plants. The term involving m^n^ likewise is due to 
deviations from a lAA:2Aa:laa ratio among Fg plants from heterozygous 
Fis. 
Taking into account sampling of genotypes in generation t would 
change formula 18 to 
Vt = (T - - w) ^0 * 
Of course, in evolutionary situations, the effect of population size in 
generation t on is unimportant. It also would be unimportant in 
most quantitative genetic studies, since a large population is generally 
evaluated (though it may be descended from a small number of individuals). 
However, in the case of backcrosses, a small number of BC^F^ plants may 
be sel fed to produce the BCgF2, with a considerable reduction in vari­
ance. 
Hill (1966) gave the expected additive variance among BC^F^ families 
1 12 
as 4 D (equal to ^ in my terminology) and that among Fg plants within 
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BC-jF^s as ^ D. This gives a total variance of the BC^Fg of ^ D 
equal to V-j in formula 15 as and n^ become very large. 
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SECTION II. GENETIC VARIATION FOR GRAIN YIELD AND RELATED TRAITS IN 
SORGHUM INTROGRESSION POPULATIONS 
36 
ABSTRACT 
Each of two sorghum cultivars was crossed with representatives of 
three wild sorghum races. Backcross-derived sorghum populations con­
taining 3.125 to 50% wild germplasm were evaluated for grain yield, 100-
kernel weight, days to flower, and plant height. Population means 
increased linearly with backcrossing for kernel weight, increased curvi-
linearly for grain yield, decreased curvilinearly for plant height, and 
changed erratically for days to flower. For all traits, the relation­
ship between genetic variance and level of backcrossing deviated sig­
nificantly from that expected. Genetic variance usually reached a 
maximum in the BC-j or BCG. The BC-j genetic variance for grain yield, 
averaged over matings, was twice as large as the average BCQ genetic 
variance. An epistatic model involving gene regulation is proposed as 
the most plausible explanation for the results. 
37 
INTRODUCTION 
Introgression of wild germplasm in cereal grain yield improvement 
is an extreme example of a "high x low" cross (Langham, 1961). 
Theoretical and computer simulation studies of crosses between two 
parents, one of which is inferior, have shown that one to three back-
crosses increase the frequency of superior progeny (Bailey, 1977; 
Baker, 1976; Dudley, 1982; Reddy and Comstock, 1976). 
Theoretically, the means of selfed populations derived from back-
crosses to the superior parent increase linearly with percent recurrent 
parent germplasm, whereas genetic variances decrease nonlinearly (Sec­
tion I). 
Empirical introgression studies in oats (Lawrence and Frey, 1976) 
and barley (Rodgers, 1982) found that mean grain yield increased 
1inearly with backcrossing, but that in some matings genetic variances 
were unexpectedly high in the BC^ and later generations, as compared with 
the BCQ. AS a result, the highest frequency of superior lines occurred 
in the BC^ in both studies. Lawrence and Frey (1976) suggested addi­
tive X additive epistatic interactions and breakage of repulsion-phase 
linkages as possible causes of the elevated genetic variances in back-
crosses. 
To a plant breeder, the optimum population is one with a high mean 
and a large genetic variance. The purposes of this study are to compare 
the means and genetic variances of sorghum introgression populations 
with their expected values and to investigate any deviations with regard 
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both to genetic causes and to consequences for utilization of wild germ-
plasm. 
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EXPERIMENTAL PROCEDURES 
Genetic Material 
Six matings were produced by crossing each of two cultivated 
sorghum lines (herein called recurrent parents) with three wild sorghum 
accessions (Table 1). 
Combine Kafir 60B (CK) is a three-dwarf inbred line developed in 
Texas, USA, from mainly South African kafir germplasm. RS/R line 
A2725 (RS) is an inbred line produced by the sorghum population improve­
ment project at the International Crops Research Institute for the Semi-
Arid Tropics (ICRISAT) near Hyderabad, India. RS is derived from an 
African population of mainly race caudatum parentage. 
Each of the three wild parents represents a different wild race of 
Africa. The virgatum accession (VI) was collected in Egypt, the 
arundinaceum accession (AR) in the Ivory Coast, and the verticilliflorum 
accession (SV) in the Republic of South Africa. 
Several plants of CK and RS were hand-emasculated and crossed as 
females to several plants of each of the wild parents. Resulting BCQF^ 
plants from each mating were (1) crossed to the recurrent parent and 
(2) self-pollinated to produce the BCgFg generation. In this and all 
subsequent backcrosses, bulk pollen from a number of BCF^ plants 
(Table Al) was used to pollinate 5 to 10 hand-emasculated recurrent 
parent plants in each mating. 
Backcrossing was continued in the same fashion (Fig. 1) until the 
BC^Fg. From each backcross generation 1 to 4 of each mating, 50 random 
BCgFg plants were self-pollinated to produce 50 BC^Fg-derived lines in 
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Table 1. Designations and parents of six sorghum introgression 
matings 
Mati ng 
designation 
Cultivated 
parent Wild parent 
CK X VI 
CK X AR 
CK X SV 
CK60B 
CK60B 
CK60B 
virgatum 
arundinaceum 
verti cilliflorum 
RS X VI 
RS X AR 
RS X SV 
RS/R/A2725 
RS/R/A2725 
RS/R/A2725 
virgatum 
arundinaceum 
verti cilliflorum 
Cultivated x Wild 
i 
->• 50 F g plants -» 50 Bc^Fg-derived lines in F^ 
I 
Bc^F^ ->• 50 Bc^Fg plants -+ 50 Be^F^-derlved lines in F^ 
L~ X — 
4-
L-X-
I 
Bc.F, , 
i I 1 
L_ J 
Bc^F^ . 
L-x—I 
I 
Bc^Fj - . . 
Figure 1. Development of introgression populations 
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the Fg. Each BCgFg-derived line (g=0...4) was advanced to the by 
self-pollinating 10 to 20 Fg plants and bulking the seed. 
A set of BCgFg-derived lines from a particular mating-generation 
combination will herein be referred to as a population. A level of 
backcrossing will be called a generation. The study thus included 30 
populations (6 matings x 5 generations) comprising a total of 1344 lines. 
Design and Management of Experiments 
All experiments were conducted at the ICRISAT Center near Hyderabad, 
India, on deep vertisols. The BCQ, BC^, and BCg generations of all mat­
ings were evaluated in the kharif (rainy season) of 1981 (herein re­
ferred to as KBl). The BCg, BCg, and BC^ generations of all matings 
were evaluated in kharif, 1982 (K82). Numbers of lines evaluated in 
each experiment are given in Table 2. 
Table 2. Dates of planting and numbers of lines per mating of each 
generation evaluated in K81 and K82 
Experiment 
K81 K82 
Date of planting 7-1-81 6-19-82 
Generati on No. of lines 
BCq 24 0 
BC-, 50 0 
BCg 50 50 
BCg 0 50 
BC/i 0 50 
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The BCg and BC^ were not included in K81 because seed had not yet 
been produced; the BCQ and BC^ were not included in K82 because land 
and labor limitations permitted the evaluation of only three genera­
tions in any one season. 
Seed used to sow the KSl experiment was produced in rabi (Novem­
ber to March), 1980. Seed used in K82 to sow BC2, BCg, and BC^ lines 
was produced in rabi, 1980, summer (March to June) 1981, and rabi, 
1981, respectively. Seed of parents was produced in all seasons to 
permit correction for any differences due to seed source. Fewer than 
50 lines were evaluated in some populations in K82 due to insufficient 
seed (Table A2). All BCFg-derived lines were in the generation. 
All three experiments, which included lines, parents, and checks, 
were grown as randomized complete block designs with two replicates 
each. The K81 experiment was in a split-split plot arrangement. 
Main plots were matings, subplots were generations, and (nested) sub-
subplots were lines, parents, and checks. Three or more entries of 
recurrent parents along with wild parents and checks were randomized 
within each subplot (Table A3). The K82 experiment was in a split-
plot arrangement with matings as main plots and lines of all three 
generations, parents, and checks as (nested) subplots. One to eighteen 
entries each of parents and checks were randomized within each main 
plot (Table A3). In both experiments, parent entries did not repre­
sent single plants, but were taken from bulk seed. 
A plot (sub-subplot in K81 and subplot in K82) consisted of two 
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rows, each four meters long, with 10 cm between plants in the row and 
75 cm between rows. There were two exceptions. All plots in BCQ sub­
plots in K81 consisted of four rows of four meters each to provide a 
border since many BCGFG-derived lines were very tall and rangy when 
grown in kharif. Also, recurrent parent plots in BC^ subplots in K81 
were bordered since recurrent parents were generally shorter than 
BC^FG-derived lines. 
Border rows were planted around the perimeter of the experiment 
and between main plots. There were one-meter-wide alleys between ranges 
of plots. 
Experiments were sown on the dates indicated in Table 2 at the rate 
of 250 seeds per plot and thinned to the correct spacing at about 20 
days after sowing. Both fields were given a basal application of 80 
kg/ha N and a sidedressing of another 40 kg/ha N about one month after 
sowing. P and K were present in nonlimiting amounts. Carbofuran 
granules were applied at the time of sowing in K81 to prevent shootfly 
(Atheriqona soccata) damage. Both experiments were sprayed with 
endosulfan during grainfilling to prevent grain damage by Heliothus spp. 
Weeds were controlled by tractor cultivation and hand-weeding. Bird 
damage during grain filling was prevented by the vigilance of bird-
scaring personnel. 
Panicles of shattering lines and parents were harvested during the 
short interval between physiological maturity and the onset of shatter­
ing. This necessitated taking several periodic harvests of those 
shattering plots which were segregating for maturity. 
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Traits 
Days to flower (FL) was recorded as the number of days after sow­
ing when at least 50% of the panicles in a plot had begun anthesis. 
Height (HT) was measured from the ground to the panicle tip and re­
corded as the mean of six random, competitive plants per plot. 
All panicles were cut from each plot (or from the two center rows 
of BCQ plots in K81), sun-dried, and machine-threshed; the grain was 
weighed to obtain grain yield (6Y). A sample of 100 kernels was taken 
from each plot of each experiment and weighed to obtain kernel weight 
(KW). In some lines, glumes adhered to the kernels after threshing. 
Glumes were removed by hand from such samples, and the kernels were 
weighed a second time to obtain KW. GY was corrected for glume weight. 
In K82, a 20 to 30 g sample of kernels was taken from each plot 
and weighed. Each sample was then oven-dried and weighed again. Grain 
yield in K82 was corrected for moisture by multiplying by the ratio of 
dry to initial weight; 100-kernel samples were taken from the dried 
samples. 
Statistical Analysis 
The analyses of variance within K81 were based on the model 
''jkm = % + + Ck + "Jk + Gm + (CG)„ + + 1%%, + ^jkran 
where: 
^jkmn ~ value of the trait for the designated plot; 
y = the grand mean; 
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Rj = effect of the jth replicate, j = 1, 2; 
C|^ = effect of the kth mating, k = 1 ... 6; 
Gjjj = effect of the mth backcross generation, m = 0 ... 2; 
(CG)k^ = interaction effect between the kth mating and mth generation; 
Lkmn ~ effect of the nth line within the mth generation of the kth 
mating, n = 1 ... 50; 
ajk ~ residual deviation of the main plot (error (a)); 
^jkm ~ residual deviation of the subplot (error (b)); and 
Yjkmn " residual deviation of the sub-subplot (error (c)). 
The analysis of variance in K82 was based on the model 
^jkmn ~ ^^^^km^^kmn^ kmn ' 
where all effects are defined as before, except that m = 2 ... 4. 
Genetic variance components within populations and experiments 
were computed as 
- 1 (HS^ - MS^) 
where MS^ and MS^ are the intrapopulation mean squares for lines and 
error, respectively. 
Standard errors of genetic variance components were computed as 
' 4 ' ' 7 ,  n + 1 n(r - 1 ) + 2 
2 
where Sg = MSg, r is the number of replicates, and n is the number of 
lines in the population (Kempthorne, 1969). 
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The BC2 was the only generation evaluated in both K81 and K82. 
Adjusted population means were used when comparisons were made among 
backcross populations not evaluated in the same year. The adjusted 
population mean for a trait for the BC^ generation was calculated as 
EC amp = »:mp ' (^2- ' 
where BC^p is the mean of the BC^ generation of a given mating in year 
p and BCg. is the mean of the BCg of the mating over both years. Use 
of this formula assumes that the effects of years on population means 
were proportionally similar for all generations. 
For making comparisons of genetic variances across years, the 
adjusted genetic variance of each population was computed as 
2 2 2 2 
^g " Sg(mp) ' (Sg(2.) Sg(2p)) 
2 
where is the genetic variance of the BC^ generation of a given 
2 
mating evaluated in year p and Sg(2.) the BC2 genetic variance 
averaged over the two years. An assumption of this formula is that 
line X year interaction is of approximately equal importance for all 
generations of a mating. 
The standard error of a generation mean within an experiment and 
mating was 
"SE(b) 
2m 
where is the mean square for error (b) and m is the number of 
lines evaluated in that population. 
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In fitting generation mean grain yields within matings to a linear 
model, the mean used for each wild parent was that parent's mean over 
both years and both matings in which it was involved. The mean used 
for the cultivated parent was its mean in K82, only over parent sub­
plots lying in main plots of the mating being analyzed, and adjusted 
in the same way as BC3 and BC^ means. For example, the mean of CK60B 
used in fitting CKxVI generation means was 
CK^ = CK . (BCg. f BCgg) 
where CK is the mean of the 36 plots of CK60B lying in CKxVI main plots 
in K82, BCg. is the mean of CKxVI-BCg over both experiments, and ^22 
is the mean of CKXVI-BC2 in K82. 
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RESULTS 
Parents 
The three wild parents were taller and earlier than the cultivated 
parents and had very low yields and small kernels (Table 3). 
Grain yields of two wild parents, virgatum and arundinaceum, may 
have been underestimated. Profuse and indeterminate tillering combined 
with a very short interval (within panicles) between physiological 
maturity and onset of shattering resulted in loss of some seed before 
it could be harvested. 
The vertici 11if1orum parent probably contained some cultivated 
germplasm; it shattered less readily, tillered less profusely, and had 
larger kernels and higher grain yield. Nonetheless, all three wild 
parents were highly inferior in an agronomic sense. Wild parents were 
morphologically uniform and treated as inbred in the analysis. 
Cultivated parent RS/R/A2725 (RS) was higher-yielding, taller, and 
later than the dwarf CK60B. Parent entries sown in K82 with seed pro­
duced in different seasons did not differ for any traits. 
Variation Among Matings 
The effect of wild parents on yields was larger than that of culti­
vated parents (Tables 4 and A19); however, progeny and wild parent per 
^ yields were negatively correlated. There is no evidence of strong 
interactions between wild and cultivated parents in Table 4, despite 
significant mean squares in the BCg-BC-j (Table A18). 
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Table 3. Means over K81 and K82 of parents for five traits 
Parent 
Grain 
yield 
100-
kernel 
weight 
Days 
to 
flower 
Plant 
height 
Threshing 
percentage 
q/ha g da cm 
CK60B 40.5 2.36 55.4 131 83.1 
RS/R/A2725 45.6 2.07 60.2 210 80.9 
Virgatum 1.3 0.50 46.0 221 21.0 
Arundinaceum 6.1 0.50 55.0 289 57.5 
Verticilliflorum 13.8 0.89 50.0 286 59.3 
Table 4. Mean grain yields (in q/ha) of six matings, over two experi­
ments (K81 and K82) and five backcross generations, along 
with yields of wild parents per se 
Cultivated 
parent Virgatum 
Wild parent 
Arundinaceum Verticilliflorum 
CK60B 
RS 
31.3 
33.3 
1.3 
29.3 
27.9 
Wild parent per se 
6.1 
25.8 
25.6 
13.8 
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Variation Among Generation Means 
Population means and adjusted population means are given in Tables 
A4 and A5a, respectively. Variation among generations was significant 
within and across all matings for all traits (Tables A6-A13). 
The percentage of cultivated germplasm in parents and backcross 
generations increases as follows; 
Average percent cultivated 
Generation germplasm 
Wild parent 0 
BCo 50 
BCi 75 
BC? 87.5 
BC3 93.75 
BC4 96.875 
Cul ti vated parent 100 
Linear regression on average percent cultivated germplasm accounted for 
85.9 to 96.8% of the variation among seven generations (i.e., two 
parents plus the BCQ-BC^) for grain yield in four matings, but the rela­
tionship was curvilinear in the two matings involving verticil!iflorum, 
CKxSV and RSxSV (Table 5). 
If the wild parents are excluded from the analyses, any deviations 
from linearity must be due to epistasis (Section I). Excluding the wild 
parent substantially increased the percent of variation due to the 
linear model in verticilliflorum matings, but the quadratic term still 
accounted for 8.6 to 10.3% (Table 5). 
The curvilinear trend in verticilliflorum matings was strong; the 
BCQ mean yield was actually less than the wild parent mean in verti­
cilliflorum matings (Fig. 2). Because BCFg-derived lines in the were 
evaluated, heterozygosity was 12.5% or less; therefore, dominance cannot 
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Table 5. Percentage of variation among adjusted generation mean 
grain yields accounted for by regression on percent culti­
vated germplasm 
Source of 
variation CKxVI CKxAR 
Mating 
CKxSV RSxVI RSxAR RSxSV 
All generations 
Linear 96.8 92.1 68.1 96.1 85.9 60.4 
Quadratic 1.6 6.6 28.1 1.3 5.8 33.2 
Residual 1.6 2.3 3.8 2.6 8.3 6.4 
Excluding Wild Parent 
Linear 92.8 94.4 87.8 90.4 79.6 85.5 
Quadratic 7.2 4.4 10.3 5.1 5.9 8.6 
Residual 0.0 1.2 1.9 4.5 14.5 5.8 
Table 6. Percentage of variation among generation means for four 
traits accounted for by regression on percent cultivated 
germplasm (from a pooled analysis of all matings) 
Source of ^rait 
variation gy KW FL HT 
All generations 
Linear 81.7 92.8 38.7 42.9 
Quadratic 8.3 0.2 8.8 12.7 
Residual 10.0 7.0 52.5 44.4 
Excluding Wild Parent 
Linear 81.8 81.6 0.0 61.7 
Quadratic 6.4 3.8 0.0 0.0 
Residual 11.8 14.7 100.0 38.3 
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Virgatum matings 
Arundinaceum matings 
Verticilliflorum matings 
30 
O-
O) 
1 0 w 2 3 4 C 
Generation 
Figure 2. Generation means for grain yield averaged over wild parents 
(W = Wild parent, 0 ... 4 = BC« ... BC,. C = cultivated 
parent) 
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explain such extreme nonlinearity, even when the wild parent is in­
cluded. 
The relationship was more nearly linear.in virgatum and arundinaceum 
matings (Fig. 2), though the curve for arundinaceum matings was also 
slightly concave-upward. However, as discussed above, yields of 
virgatum and arundinaceum were probably underestimated, and the shape 
of the true curves, especially for arundinaceum, may be closer to that 
of verticilliflorum matings. 
Over all matings, kernel weight closely followed a linear trend, 
whereas a linear model accounted for only 38.7 and 42.9% of the varia­
tion (less than that due to residual variation) in days to flower and 
height, respectively (Table 6). Excluding the wild parent increased 
the linear component only for height. 
Deviation from linearity for days to flower and height is illus­
trated in Fig. 3. All backcross generations were essentially equal to 
the recurrent parent for days to flower. Mean height of the BCQ was 
greater than or similar to that of the wild parent in all matings, 
accounting for much of the curvilinearity for that trait. 
In summary, mean progeny phenotype, especially in the BCg, was 
closer to the wild parent phenotype than expected for yield in 
verticilliflorum (and perhaps all) matings and for height in all mat­
ings. Mean kernel weight was closely related to percent cultivated 
germplasm and generations differed little for days to flower. 
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Variation Within Generations 
There was significant genetic variation within most populations 
(i.e., generations in matings) for all traits (Tables A6-A13). 
Genetic variance components were higher in the BC-j than in the 
BCQ in 37 of 48 cases (2 experiments x 6 matings x 4 traits; Table A14). 
Genetic variance components (Sg) for grain yield, adjusted for 
comparison across kharif experiments, increased sharply from BCQ to 
BC-j in all matings (Table 7). In two matings, RSxVI and RSxAR, 
genetic variance for grain yield reached a maximum in the BCg. The 
2 2 
ratio Sg(BC2)/Sg(BCQ) was approximately 5.0 in these two matings, com­
pared with an expected ratio of 0.61 (Table A17). 
Table 7. Adjusted genetic variances for grain yield in 30 populations 
Back-
cross 
Mati ng 
gener­
ation CKxVI CKxAR CKxSV RSxVI RSxAR RSxSV 
0 
1 
2 
3 
4 
37.9 
77.0 
23.2 
13.8 
20.5 
45.0 
75.5 
42.4 
1.63 
i.ga 
31.3 
98.9 
75.8 
36.6 
75.5 
9.7 
38.1 
48.4 
15.83 
45.9 
15.2 
65.1 
79.8 
46.2 
32.8 
45.2 
72.3 
52.6 
29.5 
2.5a 
®Mean square for lines was not significant. 
2 The increase inSg from BCg to BC^ in CKxSV probably was due to 
sampling of a disproportionately large amount of wild germplasm in 
producing the BC^Fg, since a similar increase occurred for all traits 
(Table A15). There also was an increase in RSxVI from BC^ to BC^, but 
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only for grain yield. 
2 On the average, for grain yield declined from BC-j to BC^ as ex-
pected (Section I), but the increase in Sg from BCQ to BC^ differed 
strikingly from the expected pattern (Fig. 4). It cannot be determined 
from these data whether the curves in Fig. 4 resulted from depression 
of genetic variation in the BCQ, elevation of variance in the BC-J-BC^, 
or both. 
2 The change in s^ for kernel weight over backcross generations was 
2 
similar to that for grain yield (Fig. 5). For both traits, s^ in the 
2 BC-J, averaged over matings, was over twice as large as Sg in the BCg. 
2 On the average, s g for days to flower and height followed expectations 
much more closely (Fig. 5), though large increases from BCQ to BC-j 
occurred for days to flower in vertici 11iflorum matings and for height 
in virgatum matings (Table A15). 
By substitution of the numbers of F-j families and Fg-derived 
lines evaluated per generation (Tables A1 and A2) into formulas (15) of 
Section I and ignoring dominance variance, I obtained the expected 
coefficients of genetic variance for each backcross generation of each 
mating (Table A17). The coefficients were similar for all matings, and 
average values were 0.48, 0.48, 0.29, 0.15, and 0.07 for the BCQ, BC-J, 
BC2, BCg, and BC^, respectively. 
Predicted genetic variances (Sg) for all populations were obtained 
2 by a least-squares fit of observed s g values to the coefficients in 
Table A17. A chi-square statistic was obtained for each mating and 
trait using the formula 
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I \ 2: BCp V(S<) 
2 2 
where V(Sg) is the variance of Sg, computed from standard errors of 
unadjusted genetic variance components (Table A17). 
Chi-square values were highly significant in all cases except 
height in CKxAR, days to flower in RSxAR, and grain yield in RSxSV 
(Table 8), confirming what is visually evident in Figs. 4 and 5. 
Table 8. Chi-square values for the fit of genetic variances in the 
BCQ to BC4 to variances predicted by a simple additive 
moael (with probability of a greater value in parentheses) 
Mati ng Trait 
GY KW FL HT 
CKxVI 8.21 14.56 116.6 8.37 
(0.05<P<0.10) (0.001<P<0.01) (P<0.001) (0.05<P<0.10) 
CKxAR 8.65 13.48 290.7 7.02 
(0.05<P<0.10) (0.001<P<0.01) (P<0.001) (ns)& 
CKxSV 48.63 26.09 103.5 156.57 
(P<0.001) (P<0.001) (P<0.001) (P<0.001) 
RSxVI 34.71 49.92 19.07 70.48 
(P<0.001) (P<0.001) (P<0.001) (P<0.001) 
RSxAR 25.10 19.46 5.29 13.29 
(P<0.001) (P<0.001) (ns) (0.001<P<0.01) 
RSxSV 6.50 18.66 10.73 13.54 
(ns) (P<0.001) (0.02<P<0.05) (0.001<P<0.01) 
®P>0.10. 
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DISCUSSION 
For grain yield, three unexpected and perhaps interrelated results 
were obtained: (1) a negative correlation between grain yields of wild 
parents and the means of their progeny; (2) a curvilinear, concave-
upward, relationship between generation means and percent cultivated 
germplasm (especially in verticilliflorum matings); and (3) an increase 
in genetic variance with one, and in two matings, two backcrosses. 
The first two results suggest that there are genes in verticilli­
florum, and possibly arundinaceum, which "mask" the effects of genes 
from the cultivated parents, tending to hold grain yield near a low to 
intermediate level. 
The third result confirms the common observation (DeWet et al., 
1970) that in natural wild x cultivated sorghum crosses, genetic varia­
tion is very limited in the BCgPg, but that backcrossing "releases a 
tremendous amount of variability." This phenomenon might also be due 
to "masking" genes, as illustrated in the following situation. 
If wild sorghums contain regulatory elements which suppress effects 
of alleles at other loci controlling grain yield, one backcross would 
reduce the frequency of the wild regulatory "alleles" from 0.5 to 0.25. 
2 2 Since with completely additive gene action, SgtBCg) = Sg(BC-j) (Section 
2 2 I), the presence of regulatory alleles would make SgtBCg) < Sg(BC-j). 
For example, consider a two-locus genetic model (with no linkage) 
in which a dominant regulatory allele B from the wild parent suppresses 
variation at another locus which has alleles A and a, as in Table 9 
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Table 9. Values and frequencies of BCgF2 plants for a two-locus 
epistatic model 
Genotype Genotypic 
value BC, 
Frequency (x256) 
BC 1 BC, 
aa BB 
aa Bb 
aa bb 
Aa BB 
Aa Bb 
Aa bb 
AA BB 
AA Bb 
AA bb 
-X 
-X 
-X 
3s(e-l)x 
%(e-l)x 
0 
ex 
ex 
X 
16 
32 
16 
32 
64 
32 
16 
32 
16 
4 
8 
20 
8 
16 
40 
20 
40 
100 
1 
2 
13 
2 
4 
26 
13 
26 
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and Fig. 6. This is a type of complementary epistasis. The strength 
of regulation can vary from e=l (no effect of B) to e=-l (no variation 
due to locus A in the presence of B), but there is no dominance at locus 
A for any value of e. 
2 2 In this situation, Sg(BC^) > Sg(BCQ), and the difference increases 
2 
with increasing strength of regulation (Fig. 7). If e<0.375, Sg(BC2) > 
2 2 Sg(BCQ). Note that for most values of e, Sg(BCQ) is depressed and 
Sg(BC^) elevated, compared with their values for e=l (no epistasis). 
The mean of backcross generations will be reduced, relative to the 
non-epistatic situation. 
Britten and Davidson (1969, 1971) described a model for gene regu­
lation in which a series of integrator genes control the output of pro­
ducer genes through networks of varying complexity. Loci behaving as 
do A and B above can be incorporated in such a network as integrator 
and producer loci, respectively, with the end phenotype being a 
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Figure 6. A graphical representation of genotypic values for B_ geno­
types when e = 1, 0, and -1 
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quantitative trait such as grain yield. 
In such a genetic system, as in the simple example above, back-
crossing can increase genetic variance, as long as "stronger" inte­
grator alleles are contributed by the donor parent. Producer alleles 
with positive effects on phenotype can come from either or both parents. 
The size of the increase in variance depends on the relationships of 
integrator and producer loci and strength of regulation. 
Any kind of interlocus interaction is exceedingly difficult to 
detect experimentally (Barker, 1979), and the data from this study 
certainly do not prove that epistasis was present. However, the follow­
ing alternative explanations of these results are inadequate: 
(1) The cultivated parent contributes mostly recessive alleles. 
It was shown in Section I that intralocus interaction could cause only 
up to a 12% increase in genetic variance from BCQ to BC^ when BCFG-
derived lines in the are evaluated; even this increase requires all 
"cultivated" alleles to be completely recessive and positive in effect. 
(Increases in this study ranged from 60 to 328%). 
(2) Repulsion linkages are broken in the first backcross, increas­
ing additive genetic variation. Again, in Section I, it was shown that 
the extent of additional recombination at meiosis in the BC^F^ is suf­
ficient to cause only a small increase in variance. 
(3) The genetic variance of the BC^ is inflated by genotype-
environment interaction to a greater extent than is that of the BCQ. 
Genetic variance for yield, calculated over R80 and K81 (Section III), 
and thus free of the line x season component averaged 4.4, 10.4, and 
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7.2 in the BCQ, BC-J, and BCg, respectively. Line x year interaction 
in kharif for BCg lines was significant only in two matings. 
(4) The results are due to the large standard errors of variance 
components. Standard errors of adjusted variance components for grain 
yield in the BCq and BC-j ranged from about 8 to 16 for the six matings; 
2 2 
the difference Sg(BCi) - SgtBCg) ranged from 27 to 67. The increase 
occurred in all matings for grain yield and in five of six matings 
for kernel weight. Similar, though smaller, increases in genetic 
variance were found also in introgression studies involving oats 
(Lawrence and Frey, 1976) and barley (Rodgers, 1982). 
2 The change in Sg with backcrossing in cases of complete dominance, 
repulsion linkage, and epistasis (e=-l) is illustrated in Fig. 7. 
That there are strong regulatory elements in wild sorghums which 
are lacking in cultivars is quite plausible. Hedrick and McDonald 
(1980) showed that in times of drastic changes in selection pressure, 
the most rapid adaptation would occur via changes in frequences of 
regulatory alleles. Domestication of a wild species is a very drastic 
change in selection pressure, and null alleles at regulatory loci might 
be among the first fixed during domestication. 
Genetic variance for kernel weight followed a pattern similar to 
that for grain yield but means increased linearly. Genetic variance 
and means for days to flower and plant height deviated significantly 
from expectations, but only for mean plant height was the deviation 
extreme. These results taken together indicate some degree of epistasis, 
especially for kernel weight and height, despite the relatively simple 
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inheritance of major height differences within the cultivated sub­
species (Quinby, 1974). 
If the postulated regulatory mechanisms are important in wild x 
cultivated sorghum crosses, plant breeders utilizing such crosses 
must (1) evaluate progeny rather than wild accessions per se when 
choosing parents, since useful wild genes may be suppressed, (2) back-
cross at least once to lower the frequency of "wild" regulatory alleles, 
and (3) evaluate large populations, since the frequency of agronomi­
cal ly superior lines may be reduced. 
Finally, for improvement of introgression populations, recurrent 
selection is necessary to eliminate undesirable "wild" regulatory 
alleles (if present) and increase the frequency of desirable "wild" 
producer alleles, which will be low in later backcrosses. 
69 
REFERENCES CITED 
Bailey, T. B. 1977. Selection limits in self-fertilizing populations 
following the cross of homozygous lines, p. 399-412. In E. 
Pollack, 0. Kempthorne, and T. 8. Bailey (eds.) Proc. Int. Conf. 
Quant. Genet. The Iowa State University Press, Ames, Iowa. 
Baker, R. J. 1976. Some thoughts about backcrossing and quantitative 
traits. Wheat Newsletter 22:43-44. 
Barker, J. S. F. 1979. Inter-locus interactions: A review of experi­
mental evidence. Theor. Pop. Biol. 16:323-346. 
Britten, R. J., and E. H. Davidson. 1969. Gene regulation for higher 
cells: A theory. Science 165:349-357. 
Britten, R. J., and E. H. Davidson. 1971. Repetitive and non-repetitive 
DNA sequences and a speculation on the origins of evolutionary 
novelty. Q. Rev. Biol. 46:111-133. 
DeWet, 0. M. J., J. R. Harlan, and E. G. Price. 1970. Origin of vari­
ability in the Spontanea complex of Sorghum bicolor. Amer. J. 
Bot. 57:704-707. 
Dudley, J- W. 1982. Theory for transfer of alleles. Crop Sci. 22: 
631-637. 
Hedrick, P. W. and J. F. McDonald. 1980. Regulatory gene adaptation: 
An evolutionary model. Heredity 45:83-97. 
Kempthorne, 0. 1969. An introduction to genetic statistics. The Iowa 
State University Press, Ames, Iowa. 
Langham, D. G. 1961. The high-low method of crop improvement. Crop 
Sci. 1:376-378. 
Lawrence, P. K. and K. J. Frey. 1976. Inheritance of grain yield in 
oat species crosses. Egypt. J. Genet. Cytol. 5:400-409. 
Quinby, J. R. 1974. Sorghum improvement and the genetics of growth. 
Texas A&M University Press, College Station, Texas. 
Reddy, B. V. S. and R. E. Cornstock. 1976. Simulation of the backcross 
breeding method. I. The effects of heritability and gene number 
on fixation of desired alleles. Crop Sci. 16:825-830. 
Rodgers, D. M. 1982. Improvement of cultivated barley (Hordeum vulgare) 
with germplasm introgressed from spontaneum. Ph.D. dissertation. 
Library, Iowa State University, Ames, Iowa. 
70 
SECTION III. POTENTIAL OF WILD GERMPLASM FOR INCREASING YIELD OF 
GRAIN SORGHUM 
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ABSTRACT 
Sorghum backcross populations containing 3 to 50% wild germplasm 
were evaluated in south central India for grain yield and nine related 
traits. No individual BCQ- to BCGFG-derived lines were high trans-
gressive segregates for grain yield. Only 1.5% of all BC^Fg- or BC^Fg-
derived lines were transgressive segregates, with grain yields a mean 
26% higher than their respective recurrent parents. The ten highest-
yielding BCG to BC^ lines per mating having cultivated parent CK60B 
yielded 14% more than CK60B, which was a statistically significant dif­
ference. However, much of the increased yield may be attributable to 
increased plant height. The ten highest-yielding lines from the mating 
RS/R/A2725 x virgatum yielded 15% more than RS/R/A2725, and were earlier 
and equal in plant height. Selection increased BCg mean grain yields 
by 6 to 27%. Population mean yield, mean yield of selected lines, and 
frequency of high-yielding lines all were highest in the BC^. 
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INTRODUCTION 
The species Sorghum bicolor L. Moench is large and diverse, contain­
ing both wild and cultivated races (DeWet, 1978). Genetic improvement 
of grain yield potential in grain sorghum has often involved the use of 
exotic but cultivated germplasm. However, much of the genetic diversity 
of the cultivated races has yet to be utilized in breeding. 
The wild sorghum races of Africa have not been used at all in breed­
ing for grain yield. This is reasonable since these races have a very 
low grain yield and are agronomically very unsuitable. Natural intro-
gression, which occurs extensively across Africa, played a part in the 
development of the crop (Doggett, 1965; DeWet et al., 1970), but today it 
apparently produces only troublesome weeds. 
However, introgression of wild germplasm has been used in oats 
(Frey, 1976) and barley (Rodgers, 1982) in Iowa, USA, to increase 
grain yield by up to 40%. The usefulness of introgression in these 
two temperate cereals led me to examine its wider applicability by 
introgressing germplasm of three wild diploid sorghum races into two 
grain sorghum cultivars. 
Sorghum is of tropical origin, and the introgression populations 
were evaluated in the semi-arid tropical environment of south central 
India, providing an evaluation of introgression in a very different 
genetic and environmental background. The objective was to predict the 
usefulness of wild sorghum for improvement of grain yield, and the 
optimum level of introgression (i.e., number of backcrosses) for obtain­
ing superior lines. 
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EXPERIMENTAL PROCEDURES 
Genetic Material 
Six matings were produced by crossing each of two cultivated 
sorghum lines (herein called recurrent parents) with three wild sorghum 
accessions (Table 1). 
Combine Kafir 60B (CK) is a three-dwarf inbred line developed in 
Texas, U.S.A., from mainly South African kafir germplasm. RS/R line 
A2725 (RS) is an inbred line produced by the sorghum population improve­
ment project at the International Crops Research Institute for the Semi-
Arid Tropics (ICRISAT) near Hyderabad, India. RS is derived from an 
African population of mainly race caudatum parentage. 
Each of the three wild parents represents a different wild race of 
Africa. The virgatum accession (VI) was collected in Egypt, the 
arundinaceum accession (AR) in the Ivory Coast, and the verticilliflorum 
accession (SV) in the Republic of South Africa. 
Several plants of CK and RS were hand-emasculated and crossed as 
females to several plants of each of the wild parents. Resulting BCgF^ 
plants from each mating were (1) crossed to the recurrent parent and 
(2) self-pollinated to produce the BC^Fg generation. In this and all 
subsequent backcrosses, bulk pollen from a number of BCF-j plants 
(Table Al) was used to pollinate 5 to 10 hand-emasculated recurrent 
parent plants in each mating. 
Backcrossing was continued in the same fashion (Fig. 1) until the 
BC^Fg. From each backcross generation g of each mating, 50 random 
BCgFg plants were self-pollinated to produce 50 BCgFg-derived lines in 
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Table 1. Designations and parents of six sorghum introgression 
matings 
Mating 
designation 
Cultivated 
parent Wild parent 
CK X VI 
CK X AR 
CK X SV 
CK60B 
CK60B 
CK60B 
virgatum 
arundinaceum 
verticilliflorum 
RS X VÎ 
RS X AR 
RS X SV 
RS/R/A2725 
RS/R/A2725 
RS/R/A2725 
virgatum 
arundinaceum 
verticilliflorum 
Cultivated x Wild 
Fj 50 Fg plants -»• 50 Bc^Fg-derived lines in F^ 
L . J  X 
+ 
BCjFj 50 Bc^Fg plants 50 Bc^Fg-derived lines in F^ 
^x—' 
LJ 
B C g F i  • » • . . .  
X 
4 
CjFj - . . 
X 
+ 
Bc^Fj 
U1 
Figure 1. Development of Introgression populations 
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the Fg. Each BCgFg-derived line was advanced to the by self-pollinat­
ing 10 to 20 Fg plants and bulking the seed. 
A set of 50 BCgFg-derived lines will herein be referred to as a 
population. A particular level of backcrossing will be called a 
generation. The study thus included 30 populations (6 matings x 5 
generations) comprising a total of 1500 lines. 
Design and Management of Experiments 
All experiments were conducted at the ICRISAT Center near 
Hyderabad, India, on deep vertisols. The BCQ, BC^, and BCg generations 
of all matings were evaluated in the rabi (postrainy season) of 1980-81 
and kharif (rainy season) of 1981 {herein referred to as R80 and K81, 
respectively). The BCg, BCg, and BC^ generations of all matings were 
evaluated in kharif, 1982 (K82). Numbers of lines evaluated in each 
experiment are given in Table 2. 
The BCg and BC^ were not included in the first two experiments 
because seed had not yet been produced; the BCQ and BC^ were not in­
cluded in K82 because land and labor limitations permitted the evalua­
tion of only three generations in any one season. Only 24 lines per 
mating of the BCQ generation were evaluated in K82, due to elimination 
of shattering lines and larger plot size for that generation. 
Seed used to sow the R80 and K81 experiments was produced in kharif, 
1980 and rabi, 1980, respectively. Seed used in K82 to sow BCg, BC^, 
and BC^ lines was produced in rabi, 1980. summer (March to June) 1981, 
and rabi, 1981, respectively. Seed of parents was produced in all 
seasons to permit correction for any differences due to seed source. 
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Table 2. Dates of planting and numbers of lines per mating of each 
generation evaluated in R80, K81, and K82 
Experiment 
R80 K81 K82 
Date of planting 10-2-80 7-1-81 6-19-82 
Generati on 
BCg 50 24 0 
BC-, 50 50 0 
BCg 50 50 50 
CO
 
o
 
CO
 0 0 50 
BC^ 0 0 50 
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Fewer than 50 lines were evaluated in some populations in K82 due to 
insufficient seed (Table A2). All BCFg-derived lines were in the 
Fj generation in R80 and in the F^ in K81 and K82. 
All three experiments, which included lines, parents, and checks, 
were grown as randomized complete block designs with two replicates 
each. The R80 and K81 experiments were in a split-split plot arrange­
ment. Main plots were matings, subplots were generations, and (nested) 
sub-subplots were lines, parents, and checks. Three or more entries of 
recurrent parents along with wild parents and checks were randomized 
within each subplot (Table A3). The K82 experiment was in a split-plot 
arrangement with matings as main plots and lines of all three genera­
tions, parents, and checks as (nested) subplots. One to eighteen entries 
each of parents and checks were randomized within each main plot (Table 
A3). In all experiments, parent entries did not represent single 
plants, but were taken from bulk seed. 
A plot (sub-subplot in RBO and K81 and subplot in K82) consisted 
of two rows, each four meters long, with 10 cm between plants in the 
row and 75 cm between rows. There were two exceptions. All plots in 
BCQ subplots in K81 consisted of four rows of four meters each to pro­
vide a border since many BCgFg-derived lines were very tall and rangy 
when grown in kharif. Also, recurrent parent plots in BC-j subplots in 
K81 were bordered since recurrent parents were generally shorter than 
BC^Fg-derived lines. 
Border rows were planted around the perimeter of the experiment 
and between main plots. There were one-meter-wide alleys between ranges 
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of plots. 
Experiments were sown on the date indicated in Table 2 at the rate 
of 250 seeds per plot and thinned to the correct spacing at about 20 
days after sowing. All fields were given a basal application of 80 
kg/ha N and a sidedressing of another 40 kg/ha N about one month after 
sowing. P and K were present in nonlimiting amounts. Carbofuran 
granules were applied at the time of sowing in R80 and K81 to prevent 
shootfly (Atherigona soccata) damage. Furrow irrigation was applied in 
R80 at one, twenty, and forty days after sowing. The K81 and K82 exper­
iments were sprayed with endosulfan during grainfilling to prevent 
grain damage by Heliothus spp. Weeds were controlled by tractor culti­
vation and hand-weeding. Bird damage during grain filling was prevented 
by the vigilance of bird-scaring personnel. 
In R80, panicles of all shattering lines and parents were covered 
with cloth mesh bags to prevent loss of seed. In K81 and K82, panicles 
of shattering lines and parents were harvested during the short interval 
between physiological maturity and the onset of shattering. This neces­
sitated taking several periodic harvests of those shattering plots that 
were segregating for maturity. 
Traits 
Traits measured in each season are listed in Table 3. Date of 
flowering (FL) was recorded as the number of days after sowing when at 
least 50% of the panicles in a plot had begun anthesis. Height (HT) 
was measured from the ground to the panicle tip and recorded as the 
mean of five, six, and six random, competitive plants per plot in R80, 
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Table 3. Traits evaluated, abbreviations, experiments in which evalu 
ated, units, and formulae for calculated traits 
Trait Abbrev. Season Uni ts Formula 
R80 K81 K82 
Days to flower FL x® X X da 
Plant height HT X X X cm 
Panicle weight PW X kg/ha 
Grain yield GY X X kg/ha 
Dry fraction OF X — —  
K82 grain yield GY X kg/ha GY X DF 
100 kernel wt. KW X X X g 
Kernels per plot KN X X X 1000s (GYeKW) X 6 
Wet stover yield SYW X kg/ha 
Stover dry fraction SF X — 
Stover yield SY X kg/ha SYW X SF 
Biological yield BY X kg/ha SY+(PWxDF) 
Harvest index HI X — GY » BY 
Panicle type PT X X X — 
Threshing percentage TP X GY R PW 
^Measured in the indicated experiment. 
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K81, and K82, respectively. Panicle type (PT) was a visual rating (1 to 
7) of the compactness and branch and internode length of the panicles 
in a plot, with 1 designating the most open and 7 the most compact 
panicle. Values 1 to 7 roughly corresponded to the designations 1, 
2D, 3D, 3E, 4D, 4E, and 6, respectively, of House (1980). 
All panicles were cut from each plot (or from the two center rows 
of BCQ plots in K81), sun-dried, and machine-threshed; the grain was 
weighed to obtain grain yield. (In K82, the weight of panicles (PW) 
in each plot was taken before threshing.) A sample of 100 kernels was 
taken from each plot of each experiment and weighed to obtain kernel 
weight (KW). In some lines, glumes adhered to the kernels after 
threshing. Glumes were removed by hand from such samples, and the 
kernels were weighed a second time to obtain KW. 
In K82, a 20 to 30 g sample of kernels was taken from each plot and 
weighed. Each sample was then oven-dried and weighed again. The ratio 
of dry to initial weight was recorded as grain dry matter fraction (DF); 
100-kernel samples were taken from dried samples. In K81 and K82, grain 
yield was corrected for weight of glumes in entries with adhering glumes. 
In K82, all stover left in a plot after panicles were harvested was 
cut, sun-dried, and weighed to obtain wet stover yield (SYW). A two-
culm sample was taken from each plot, weighed, oven-dried, and weighed 
again. The ratio of the second to the first weight was recorded as 
stover dry-matter fraction (SF). 
Other traits calculated from the above traits are listed in Table 3. 
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Statistical Analyses 
The combined analysis of variance over R80 and K81 was based on 
the model 
^ijkmn ~ V + + (CG) km 
+ (SG).j^ + (SCG).^^ + (SL)ikmn ^ijkmn ' 
where: 
^ijkmn ~ value of the trait for the designated plot; 
u = the grand mean; 
S. = effect of the ith season, i = 1, 2; 
R.j = effect of the jth replicate within the ith season, j = 1, 2; 
C|^ = effect of the kth mating, k = 1 ... 6; 
= effect of the mth backcross generation, m = 0 ... 2; 
(C6)k^ = interaction effect between the kth mating and mth generation; 
Lkmn = effect of the nth line within the mth generation of the 
kth mating, n = 1 ... 50; 
(SC)^.|^, (SG).^, (SCG).|^, and = interaction effects between the 
ith season and other effects; 
= residual deviation of the main plot (error (a)); 
^ijkm ~ residual deviation of the subplot (error (b)); and 
Yijkmn ~ residual deviation of the sub-subplot (error (c)). 
The combined analysis of variance for BCgFg-derived lines over R80, 
K81, and K82 was based on the model 
83 
^ijpkn U + S. + W^.p + R.jp + + (SC).^ + (WC)ipk + ^ijpk 
* "-kn * (SL)ikn + ^""-^-pkn ^ ^ijpkn ' 
where: 
^ijpkn ~ value of the trait for the designated plot; 
y = the grand mean of BC2F2-derived lines; 
= effect of the ith season, i = 1, 2; 
W. p  = effect of the pth year within the 2nd season (kharif), 
P = 1, 2; 
R^jp = effect of the jth replicate within the pth year within the 
2nd season, j = 1, 2; 
C|^ = effect of the kth mating, k = 1 ... 6; 
SC^I^ = interaction effect between the ith season and kth mating; 
WC.pl^ = interaction effect between the pth year and kth mating; 
= effect of the nth line within the kth mating, n = 1 ... 50; 
{SL)^.kn = interaction effect between the nth line (within the kth mat­
ing) and the ith season; 
(WL)ii^n ~ interaction effect between the nth line (within the kth mat­
ing) and the pth year; 
'^ijpk ~ residual deviation of the main plot (error (a)); and 
^ijpkn ~ residual deviation of the sub-subplot (R80 and K81) or sub­
plot (K82) (error (b)). 
The analyses of variance within experiments R80 and K81 were based 
on the model 
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^jkmn ^ * °^jk * ^ ^jkm ^ '"kmn ^ ^jkmn ' 
where al1 effects are defi ned as before except that m = 0 ... 2 for 
R80 and K81. 
Sums of squares for matings and matings x generations were sub­
divided into sums of squares due to wild parents, cultivated parents, 
and their interaction. 
The analysis of variance in K82 was based on the model 
Yjkmn = % + Rj + Ck + "jk + Gm + (CG)^^ + ^ = 2 ... 4 
Genetic variance components within populations and experiments 
were computed as 
4 ' i("SL -
where MSj^ and MSg are the intrapopulation mean squares for lines and 
error, respectively. 
Standard errors of genetic variance components were computed as 
(s^rs2)2 (s2)2 
n + 1 ^ n(r- IJ + 2 
2 
where s^ = MS^, r is the number of replicates, and n is the number of 
lines in the population (Kempthorne, 1969). 
The BCg was the only generation evaluated in both K81 and K82. 
Adjusted population means were used when comparisons were made among 
backcross populations not evaluated in the same year. The adjusted 
population mean for a trait for the BC^ generation was calculated as 
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«Camp = % • <^2- ' 
where BC^p is the mean of the BC^j generation of a given mating in year 
p and BCg, is the mean of the BCg of the mating over both years. Use 
of this formula assumes that the effects of years on population means 
were proportionally similar for all generations. 
For making comparisons of genetic variances across years, the 
adjusted genetic variance of each population was computed as 
2 2 2 2 
Sga(mp) ~ ^g(mp) ' ^^g(2-) " ^g(2p)^ 
2 
where is the genetic variance of the BC^ generation of a given 
2 
mating evaluated in year p and Sg^g.) is the BCg genetic variance 
averaged over the two years. An assumption of this formula is that 
line X year interaction is of approximately equal importance for all 
generations of a mating. 
The standard error of a generation mean within an experiment and 
mating was 
2m 
where is the mean square for error (b) and m is the number of 
lines evaluated in that population. 
For a given experiment, the least significant difference between 
the mean of a single line and its recurrent parent's mean was 
= t.05 J (i + MSg 
where t gg is the tabulated value of t at the 5% level of significance 
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for the appropriate degrees of freedom, u is the number of entries of 
the recurrent parent (from Table A3), and MSg is the intrapopulation 
mean square for error (c) in R80 and K81 and for error (b) in K82. 
The least significant difference between the mean of ten lines 
and the recurrent parent mean was 
LSO = t.05. 
Realized heritability for a trait within a BCg population was 
(Xc, - X,) s, 
H = 's2 "2' "pi 
^^sl " ^1^ Sp2 
where - X^) is the difference between the 20% highest lines and 
the population mean in K81, (X^g - Xg) is the difference between the 
mean of the same set of lines and the population mean in K82, and s^^ 
and Sp2 are the phenotypic standard deviations in K81 and K82, respec­
tively. 
87 
RESULTS 
The mean grain yield of RS was higher than that of CK60B, but 
their progeny had virtually equal yields (Table 4). Grain yields of 
wild parents were very low. Progeny of virgatum, the lowest-yielding 
parent, had the highest mean yield and included 20 of the 40 highest-
yielding BCg-BCg lines in K82. 
For traits other than grain yield, wild and cultivated parents 
differed considerably, the wild parents being very inferior agronomically 
(Table 5). 
Parent entries sown in K82 with seed produced in different seasons 
did not differ significantly for any traits. 
Genotype x Environment Interaction 
Mean grain yields over all lines in R80, K81, and K82 were 14.5, 
18.7, and 39.3 q/ha, respectively. Grain yield in K82 was higher pri­
marily because later backcross generations were evaluated. 
The BCq, BC-j, and BCG generations were evaluated in R80 (rabi, 
i.e. November to March, 1980-81) and K81 (kharif, i.e. July to October, 
1981). Typically for a rabi season, there was no rainfall during R80 
and solar radiation was high. Night temperatures early in the season 
reached as low as 10°, and day temperatures during grainfilling reached 
as high as 38°. In K81, rainfall was unusually heavy: 120 cm, compared 
with an average of 75 cm. There was heavy cloud cover on many days, 
and temperatures were moderate (21-33°). 
Interactions of seasons (R80 and K81) with lines, matings, and 
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Table 4. Mean grain yield of each parent and of its progeny (BCg-
BC4) over K81 and K82, and the number of high-yielding 
BC2 to BC4 lines produced by each parent 
Parent Parent grain yield 
Mean progeny 
grain yield 
No. high-yield 
lines in K82® 
q/ha q/ha 
CK60B 40.5 29.1 16 
RS 45.6 28.9 24 
Virgatum 1-3 32.3 20 
Arundinaceum 6.1 28.2 8 
Verti cilliflorum 13.8 26.2 12 
^Number of progeny lines included in the 40 highest-yielding 
BCg to BC^ lines in K82. 
Table 5. Wild and cultivated parent means for eight traits 
Mean of Mean of culti-
wild parents vated parents 
100-kernel wt. 0.63 9 2.14 g 
Days to flower 57.8 da 50.3 da 
Plant height 265 cm 171 cm& 
Panicle type 1 7 
Threshing percentage 45.9 82.0 
q/ha Biological yield 32.5 q/ha 80.4 
Stover yield 16.1 q/ha 20.6 q/ha 
Harvest index 22.3 61.2 
*CK60B, 131 cm; RS, 210 cm. 
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generations were highly significant for grain yield (SY), 100-kernel 
weight (KW), days to flower (FL), and plant height (HT) (Table 6). Two 
exceptions were seasons x matings and seasons x generations x matings 
for grain yield. 
All populations were poorly adapted to the rabi environment, in 
which they segregated for two undesirable traits: prostrate, profusely 
tillering growth habit (inherited from the wild parents) and poor seed-
set (inherited from RS). Both traits were responses to the cool nights 
of early rabi, and of course had deleterious effects on grain yield of 
lines in which they were expressed. There also was severe drought 
during grainfilling in R80. None of these factors occurred in K81 or 
K82. 
There was an average amount of rainfall in K82 (June to October, 
1982) and less extensive cloud cover than in K81. Mean grain yield of 
BCg lines was 24.7 and 35.2 q/ha in K81 and K82, respectively. 
There was no interaction between matings or lines and years (K81 
and K82) for kernel weight, days to flower, or height of BC2F2-derived 
lines (Table 7). Line x year interaction for grain yield was signifi­
cant in two matings, CKxSV and RSxVI, and mating x year interaction for 
grain yield was not significant. 
Thus, relative performance of genotypes was much more consistent 
across years in kharif than it was between rabi and kharif. This was 
primarily due to the influence of two traits, seed-set and growth habit, 
on rabi results. Therefore, kharif results were used in evaluating 
the potential of introgression material. This was appropriate, since 
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Table 6. Analyses of variance over the BCq, BC], and BC2 generations 
in two seasons (R80 and K81) 
Source of 
variation freedom GY KW FL HT 
Replicates/seasons 2 77.6** 0.013** 31.3** 1294** 
Seasons (S) 1 291.2** 0.795** 580.8** 122010** 
Matings (M) 5 136.3** 0.012 79.0** 619 
S X M 5 6.5 0.027* 19.5** 800** 
Error (a) 10 4.5 0.005 4.8 124 
Generations (G) 2 669.3* 2.103 81.9 17761** 
M X G 10 9.7** 0.024 8.1 830 
S X G 2 12.0** 0.142** 37.7** 5150** 
S X M X G 10 2.7 0.008** 8.3** 494** 
Error (b) 24 1.5 0.002 0.9 44 
Lines/(MxG) 693 84.5 0.219** 86.5 3185** 
S X (Lines/(MxG) 693 64.8** 0.110** 60.3** 1333** 
Error (c) 1594 18.1 0.038 10.5 256 
•Significant at the 5% level. 
••Significant at the 1% level. 
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Table 7. Analysis of variance of BCgFg-derived lines over K81 and K82 
Source of 
variation 
Degrees 
of 
freedom 
Trait 
6Y KW FL HT 
Years (Y) 1 28624^^ 9.84T*^ 414.2* 9798 
Matings 5 1589** 1.968*^ 1041.3** 90186 
Years x Matings 5 273 0.068 27.1 2015 
Error (a) 10 137 0.261 122.7 1162 
Lines (L)/Matings 293 111** 0.137** 27.9** 2343** 
(LxY)/Matings 286 46^^ 0.039 2.3 177 
(LxY)/CKxVI 48 27 0.016 1.8 87 
(LxY)/CKxAR 49 30 0.022 1.3 265 
(LxY)/CKxSV 49 61** 0.040 2.5 137 
(LxY)/RSxVI 43 70** 0.036 3.5 250 
(LxY)/RSxAR 48 45 0.067^ 2.9 233 
(LxY)/RSxSV 49 44 0.053 1.7 96 
Error (b) 596 34 0.039 2.6 261 
•Significant at the 5% level. 
••Significant at the 1% level. 
92 
most sorghum in the semi-arid tropics is produced in the rainy season 
(kharif). 
Frequency of High-Yielding Progeny 
The introgression populations produced few exceptionally high-
yielding lines. Based on the K81 experiment, there were no BCQ or 
BC^ lines with a grain yield at least one LSD higher than the recurrent 
parent (i.e., no high transgressive segregates). Five out of 50 lines 
in RSXVI-BC2 were high transgressive segregates, based on K81, but, 
based on means over K81 and K82, there were no high lines in any BC2 
population. There were only eight high transgressive segregates based 
on K82 data, distributed as follows: 
Mating Generation No. lines 
CKxVI BC4 2 
CKxAR BC4 1 
CKxSV BC3 2 
RSxVI BC4 1 
RSxSV BC3 1 
These eight lines made up 1.3% of all BCg and BC^ lines evaluated. The 
average yield advantage over the respective recurrent parents was 26%. 
The frequency of transgressive segregation was low, in part because 
only very large differences were significant (the average LSD was 10 
q/ha in K82, for example). LSDs, in turn, were large because only two 
replicates per experiment were used. However, an average of only 0, 3, 
6, 13, and 21% of lines exceeded the recurrent parents' yield by any 
amount in the BCQ, BC^, BCg, BC^, and BC^, respectively (Table 8). The 
frequencies of lines given in Table 8 were unexpectedly low. For 
example, in the BC4 of RS matings, made up of an average 97% RS 
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Table 8- Percentage of BCF2-derived lines exceeding the grain yield 
of the recurrent parent in each population 
Genera­ Mating 
tion CKxVI CKxAR CKxSV RSxVI RSxAR RSxSV 
BCq' 0.0 0.0 0.0 0.0 0.0 0.0 
BC]* 2.0 8.0 2.0 4.0 4.0 0.0 
BCgb 4.0 14.0 4.0 14.0 0.0 0.0 
BCg" 10.0 14.0 26.0 10.0 8.0 9.3 
BC/ 27.5 42.9 32.0 16.7 6.7 2.0 
^Evaluation in K81. 
'^Evaluation of means over K81 and K82. 
^Evaluation in K82. 
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germplasm, only 2 to 16.7% of the lines exceeded RS. 
Frequency distributions for grain yield in K82 (Table 9) show 
that the number of low-yielding lines decreased considerably with back-
crossing, whereas the upper end of the range changed little. There are 
eight lines in the 57.5-68 q/ha range, over 10 q/ha higher than the 
recurrent parents. In RSxVI, 17 lines yielded over 52.5 q/ha. One-
third of the distributions had significant negative skewness. 
Means of the ten highest-yielding lines per mating in K82, regard­
less of generation, were evaluated for kernel weight, days to flower, 
height, panicle type (PT), kernel number (KN), threshing percentage 
(TP), biological yield (BY), stover yield (SY), harvest index (HI), and 
grain yield (Table 10). The thirty lines selected from CK60B matings 
yielded, on average, 14% more than CK60B, a significant difference. 
However, the yield increases were associated with an average 24% in­
crease in height. Biological yield averaged 13% greater than CK60B, 
compared with 3% for harvest index.-
Lines from RSxVI yielded 15% more than RS, with no change in height 
and a decrease in days to flower. They ranged in grain yield from 54.8 
to 68.3 q/ha, compared with 49.8 q/ha for RS. Yield differences of 8 
and 10% in RSxAR and RSxSV, respectively, were not statistically 
significant. 
There were no significant differences in kernel weight, but kernel 
number was higher in three matings. There were no significant changes 
in stover yield. 
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Table 9. Numbers of lines in each grain yield class for the 18 popu­
lations evaluated in K82 
Mat- cross Class midpoint, grain yield (q/ha) 
ing gener- ^5 gO 25 30 35 40 45 50 55 60 65 
at! on 
CKxVI 2 * 1 1 2 8 11 18 3 4 1 
3 * 1 3 7 12 16 10 
4 * 2 1 9 12 n 4 
CKxAR 2 1 3 9 6 5 9 11 4 2 
3 3 1 n 17 11 5 
4 1 2 3 16 11 1 1 
CKxSV 2 5 5 6 4 8 13 4 4 1 
3 2 2 2 9 10 11 9 2 2 
4 * 1 1 4 5 7 5 2 
CK=47.1 
RSxVI 2 1 1 6 12 14 5 5 
3 1 3 10 12 10 4 
4 * 2 6 10 13 10 7 
RSxAR 2 * 5 2 6 6 10 11 6 1 
3 2 3 4 8 13 13 3 2 1 
4 2 4 7 8 9 13 2 
RSxSV 2 1 2 9 6 5 12 11 3 1 
3 1 1 1 9 10 12 4 2 1 
4 1 9 21 9 7 1 
RS=49 .8 
•Significant negative skewness at 5% level. 
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Table 10. Mean of the ten highest-yielding lines per mating for 
ten traits, in K82, expressed as a percentage of the 
recurrent parent's mean 
Mating KW FL HT PT KN TP BY SY HI GY 
CKxVI 104 100 110* 96* 106 101 107 97 104 113* 
CKxAR 92 101 120* 96* 132* 103* 113* 104 106* 114* 
CkxSV 102 103* 141* 100 113* 98 118* 117 101 115* 
RSxVI 104 96* 99 94* 116* 102 104 99 105 115* 
RSxAR 104 100 104* 97* 105 102 102 101 102 108 
RSxSV 99 111* 99 91* 113 101 107 100 103 110 
*Significantly different from 100 at the 5% level. 
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Response to Selection 
Mean grain yield increased with backcrossing; genetic variance 
reached a maximum in the BC-j or BC2 and then decreased (Table 11 and 
Section II). Population means and genetic variances for other traits 
are given in Tables A5a, A5b, A15, A16, and A18. 
Intramating correlations between BCgFg-derived lines in K81 and 
K82, i.e., repeatability (Falconer, 1981), ranged from 0.06 to 0.58 
for grain yield; they were higher for other traits (Table 12). The 
one very low estimate for grain yield in RSxVI is due chiefly to a 
few lines which had average yields in K81 but very high yields in 
K82. 
The mean repeatability for grain yield in the BCg from Table 12 
(0.42), rather than intrapopulation variance component estimates, was 
used to predict response to selection. The former is less biased by 
genotype x environment interaction, and variance component estimates 
from individual experiments differed little among generations. 
Predicted mean grain yields of selected lines were calculated as 
h "  ^ i j  T ' 4  (0.42) s2^j, where X-j is the mean and Sg^j the genetic 
variance of generation j in mating i (Table 11), 1.4 is the selection 
coefficient for 20% selection intensity, and 0.42 is mean repeatability. 
exceeded the recurrent parent mean in only 4 of 30 populations 
(Table 13). Even in the BC^, the mean across matings was 2 q/ha less 
than the mean of the two recurrent parents. There was a consistent 
increase in X^ with backcrossing, because the population means (X.j) in-
creased more rapidly than genetic variances (Sg.j) decreased (Table 11). 
98 
Table 11. Adjusted means and adjusted genetic variances of 30 sorghum 
introgression populations 
Mating Backcross generation Mean 
Genetic 
variance 
q/ha 
CKxVI 0 19.4 37.9 
1 25.1 77.0 
2 32.9 23.2 
3 37.3 13.8 
4 39.8 20.5 
CKxAR 0 16.0 45.0 
1 22.4 75.5 
2 31.4 42.4 
3 34.0 1.9* 
4 38.7 1.6* 
CKxSV 0 14.1 31.3 
1 17.3 98.9 
2 28.5 75.8 
3 35.8 36.6 
4 36.0 75.8 
RSxVI 0 20.5 9.7 
1 25.0 38.1 
2 37.9 48.4 
3 39.1 15.8* 
4 39.8 45.9 
RSxAR 0 16.0 15.2 
1 26.6 65.1 
2 26.8 79.8 
3 32.1 46.2 
4 34.1 32.8 
RSxSV 0 10.7 45.2 
1 18.1 72.3 
2 27.7 52.6 
3 32.8 29.5 
4 32.2 2.23 
®Mean square for lines not significant. 
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Table 12. 
Mating 
CKxVI 
CKxAR 
CKxSV 
RSxVI 
RSxAR 
RSxSV 
Repeatability estimates (by mating) for four traits, based 
on BC2F2-derived lines in K81 and K82 
GY 
0.33 
0.58 
0.47 
0.06 
0.58 
0.47 
Trait 
KW 
0.74 
0.61 
0.71 
0.46 
0.45 
0.46 
FL 
0.85 
0.94 
0.92 
0.36 
0.92 
0.90 
HT 
0.92 
0.85 
0.88 
0.86 
0.86 
0.94 
TOO 
TabTe T3. Predicted mean grain yields of selected lines (Xg), with 
20% selection intensity within populations, compared with 
yields of recurrent parents 
Backcross Mating 
generation CKxAR CKxSV RSxVI RSxAR RSxSV 
Mean 
0 25.0 22.1 19.2 23.3 19.5 16.8 21.0 
1 33.1 30.3 26.3 30.6 33.9 25.8 30.0 
2 37.3 37.3 36.4 44.2 34.9 34.3 37.4 
3 40.7 35.3 34.0 42.7 38.3 37.7 38.0 
4 43.9 39.8 44.0 45.9 39.3 33.5 41.1 
Recurrent 
parent 40.5 40.5 40.5 45.6 45.6 45.6 43.1 
Realized direct and correlated response to selection was evaluated 
by choosing the 20% highest-yielding lines, based on K81, and taking 
their means for grain yield and nine other traits in K82 (Table 14). 
The average response to selection for grain yield was T4% of the BC2 
mean; however, selected lines yielded 12% less, on average, than their 
recurrent parents. The latter difference agrees with a mean predicted 
difference of -13% computed from the last column of Table 13, i.e., 
(34.7 - 43.1)/43.1. 
Realized heritability for grain yield ranged from 0.27 to 0.70 
(Table 14). The realized heritability for RSxVI, 0.37, is considerably 
larger than the repeatability estimate, 0.06. 
Selection for yield increased kernel number more than kernel weight, 
decreased stover yield, and increased harvest index and threshing per­
centage. Changes in days to flower, height, and biological yield were 
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Table 14. Means in K82 of the 20% highest-yielding BC2 lines per 
mating in K81, expressed as percent of the population mean 
__ 
Mean i zed 
Mating (% of poulation mean) herita-
bility 
KW FL HT PT KN TP BY SY HI GY GY 
CKxVI 98 100 103* 102* 107* 98* 104 80* 105* 108* 0.31 
CKxAR 100 98* 93* 102* 117* 104* 104 93 108* 117* 0.56 
CKxSV 112* 99* 106* 105* 120* 108* 109* 84* 119* 127* 0.70 
RSxVI 103 99* 106* 78* 103 103* 97 92 106* 106* 0.37 
RSxAR 105 92* 96* 93* 105 107* 92 71* 116* 111* 0.27 
RSxSV 104 95* 98* 92* 108 104* 102 84* 113* 113* 0.36 
Mean 104* 97* 100 95* 110* 104* 101 84* 111* 114* 0.43 
•Significantly different from 100 at the 5% level. 
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relatively small and erratic. Thus, selection increased grain yield 
at the expense of vegetative production; selected lines were more 
"cultivated". Lines selected in RSxVI, however, had very open pani­
cles (22% decrease in PT), compared with the population mean. 
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DISCUSSION 
Frequency of transgressive segregation was 1% in the BCg-BC^ of 
sorghum introgression populations, compared with 14 and 6.5% in oats 
and barley, respectively (Lawrence and Frey, 1975; Rodgers, 1982). 
The smaller effect of wild germplasm on yield in sorghum may be due in 
part to a greater overlap between the wild and cultivated gene pools. 
The wild and cultivated gene pools of oats and barley have been 
almost completely isolated from each other for thousands of years, 
whereas gene flow occurs continuously between wild and cultivated 
sorghum in Africa (Doggett, 1965; DeWet et al., 1970). It is possible 
that over the history of the sorghum crop, most agriculturally useful 
wild genes have been incorporated into land races and cultivars through 
natural introgression and selection, despite roguing of hybrids. 
However, the low frequency of transgressive segregates obtained 
in this study is consistent with theoretical studies. For example. 
Bailey (1977) found that if the donor (wild) parent contributes the 
positive allele at 12 out of 60 loci, the frequency of random BC^ lines 
containing 50 positive alleles (2 more than the recurrent parent) is 
only 0.44%. Baker (1976) found that if the recurrent parent contributes 
20 positive genes and the donor parent only one, the frequency of random 
progeny with 21 positive genes is 1.7% or less in any backcross. There­
fore, larger population sizes and efficient selection will be necessary 
to recover a large number of superior lines from the introgression 
populations in this study. 
104 
There is evidence that genes for high yield were transferred from 
all wild parents (Table 10). The 15% yield advantage in RSxVI is most 
important for breeding purposes, because it was obtained in a superior 
genetic background; RS has much better grain quality, plant type, and 
grain yield than CK60B. Also, the high-yielding RSxVI lines were com­
parable in height to, and earlier than, RS. The proportion of the yield 
increases in CK60B matings attributable simply to increased height may 
be considerable. However, 10 of the 30 high-yielding lines from those 
matings were less than 140 cm tall, compared with 131 cm for CK60B. 
Because BCgFg-derived lines in the were evaluated, many were 
highly heterogeneous, and single F^-plant selections within superior 
lines could produce larger yield increases. 
Few BCQF2- or BC^Fg-derived lines even approached their recurrent 
parent's yield. Of the 60 high-yielding lines from Table 10, there 
were 10, 20, and 30 from the BCg, BCg, and BC^ generations, respectively. 
The predicted mean of selected lines (X^) also was highest in the BC^ 
(Table 13). Lawrence and Frey (1975) and Rodgers (1982) obtained the 
highest frequency of superior oat and barley introgression lines in the 
BC*. 
Utilization of Wild Sorghum Races 
Wild relatives of crops are not obvious choices as sources of 
genes for high grain yield; certainly, the extensive, diverse, and 
largely unutilized gene pool of cultivated sorghum races is to be pre­
ferred. However, wild sorghum accessions, especially those collected 
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outside the geographic and ecological range of the cultivated races, 
might contribute unique genetic factors with favorable additive or 
interactive effects. Race arundinaceum, for example, often grows in 
areas more humid than those used for grain sorghum cultivation; race 
virgatum often grows in drier areas. Their potential in breeding for 
stress environments is obvious. The exact ecological niches or sites 
of collection of the accessions used as parents in this study are not 
known. 
Selection of wild parents based on their grain yields per se 
probably would be ineffective. Virgatum was by far the poorest-yielding 
parent in this study, but its progeny included the highest-yielding 
1i nes. 
Useful genes from wild sorghum races may be scarce; therefore, a 
long-term recurrent selection program will be necessary to increase the 
frequency of desired genes from diverse wild accessions in an agronomi­
cal ly elite genetic background. Response to selection was demonstrated 
in this study. 
Base populations for selection should include no more than 12.5% 
wild germplasm, because of the deleterious effect on agronomic traits 
of large amounts of wild germplasm. 
Only parallel, long term selection studies using introgressed and 
nonintrogressed populations will demonstrate whether or not wild sorghum 
races are sources of useful genes not available in the cultivated sub­
species. 
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SECTION IV. TRAIT ASSOCIATION IN SORGHUM 
INTROGRESSION POPULATIONS 
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ABSTRACT 
Backcross populations from six wild x cultivated sorghum matings 
were evaluated for lOO-kernel weight, (400-plant height), (10-tillers 
per plant), culm girth, panicle type, kernel percentage, kernel shape, 
kernel color, spikelet type, grain yield, kernel number, and (100-days 
to flower). Of 43 correlation coefficients between quantitative char­
acters, 10 were greater than 0.20, and 5 were less than -0.20; there­
fore, any limitations on recombination between "wild" and "cultivated" 
traits were weak. First principal component eigenvectors, based on the 
first nine traits listed, were homogeneous in sign and accounted for 
35 to 49% of the total variance across generations within matings. The 
first principal components therefore defined "recombination spindles," 
which resulted more from differences in gene frequencies over back-
crosses than from linkage or pleiotropy within backcrosses. Eigenvectors 
of first principal components within backcross generations were not 
homogeneous in sign and accounted for only 22 to 32% of the variation. 
Plant breeders should be able to obtain most desired combinations of 
wild and cultivated traits. 
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INTRODUCTION 
Trait associations are especially important in introgression of 
wild germplasm for crop improvement. Deleterious traits may be trans­
ferred from wild relatives to a crop along with useful ones, due to 
linkage or pleiotropy. Linkage will have larger effects in wild x culti­
vated than in other crosses if recombination of frequencies are reduced 
due to incomplete pairing of wild and cultivated chromosomes. 
Anderson (1949) stated that only a small fraction of the total 
range of trait combinations will occur in introgression populations. 
For example, the distribution of introgression progeny for a set of 
traits lies, according to Anderson (1949), within a narrow "recombina­
tion spindle" between the two parents, as in Fig. 1. 
In studies of natural populations, sets of traits may be used to 
determine whether introgression between races or species has occurred. 
Linear combinations of traits, or "hybrid indices," may be used to 
determine the relative amounts of germplasm from the two parental races 
or species in each introgression progeny, and thus the distribution of 
progeny along the "recombination spindle." 
The index weight for each trait is "in proportion to its usefulness 
in demonstrating a known or suspected relationship" (Hatheway, 1963). 
Weights may be assigned by dividing the traits of interest into two 
groups and creating two hybrid indices (one per group) by canonical 
analysis (Hatheway, 1963). Doggett and Majisu (1967) used a single index 
in a study of natural wild x cultivated sorghum hybrids, assigning 
no 
P I  \  
Figure 1. The "recombination spindle" (Anderson, 1949) between two 
parents PI and P2 for three traits in three-dimensional 
space. Most progeny will be distributed within the spindle; 
few will lie in the corners of the cube 
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weights according to each trait's proportional contribution to the over­
all correlation matrix. 
This paper deals with the inverse problem, that is, determining 
for some set of traits whether a "recombination spindle" exists, given 
known parentages of individuals or lines. This problem is approached 
by using the first principal component score as a hybrid index and 
determining (a) if the axis described by the first principal component 
is oriented with the two parents at its "endpoints" and if so, (b) how 
much of the total variation it accounts for (i.e., the width of the 
"spindle"). The data analyzed are from a set of sorghum introgression 
populations with known average proportions of wild germplasm. 
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EXPERIMENTAL PROCEDURES 
Genetic Material 
Six matings were produced by crossing each of two cultivated sorghum 
lines (herein called recurrent parents) with three wild sorghum acces­
sions (Table 1). 
Combine Kafir 60B (CK) is a three-dwarf inbred line developed in 
Texas, U.S.A., from mainly South African kafir germplasm. RS/R line 
A2725 (RS) is an inbred line produced by the sorghum population improve­
ment project at the International Crops Research Institute for the Semi-
Arid Tropics (ICRISAT) near Hyderabad, India. RS is derived from an 
African population of mainly race caudatum parentage. 
Each of the three wild parents represents a different wild race of 
Africa. The virgatum accession (VI) was collected in Egypt, the 
arundinaceum accession (AR) in the Ivory Coast, and the verticilliflorum 
accession (SV) in the Republic of South Africa. All parents were rela­
tively homogeneous and were considered inbred. 
Several plants of CK and RS were hand-emasculated and crossed as fe­
males to several plants of each of the wild parents. Resulting BCQF^ 
plants from each mating were (1) crossed to the recurrent parent and 
(2) self-pollinated to produce the BCgFg generation. In this and all 
subsequent backcrosses, bulk pollen from a number of BCF-j plants (Table 
Al) was used to pollinate 5 to 10 hand-emasculated recurrent parent 
plants in each mating. 
Backcrossing was continued in the same fashion (Fig. 1) until the 
BC^Fg. From each backcross generation g of each mating, 50 random 
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Table 1. Designations and parents of six sorghum introgresslon 
matings 
Mating 
designation 
Cultivated 
parent Wild parent 
CK X VI 
CK X AR 
CK X SV 
CK60B 
CK60B 
CK60B 
virgatum 
arundinaceum 
verticilliflorum 
RS X VI 
RS X AR 
RS X SV 
RS/R/A2725 
RS/R/A2725 
RS/R/A2725 
virgatum 
arundinaceum 
verticilliflorum 
Cultivated x Wild 
+ 
Fj 50 Fg plants •* 50 Bc^F^-derived lines in F^ 
L x  J  
+ 
BCjFj^ + 50 Bc^Fg plants -»• 50 Bc^Fg-derived lines in F^ 
X— 
+ 
B C g F ^  • » • . . .  
c-F, •*•... 
L J  
p'l 
-X—' 
Figure 1. Development of Introgression populations 
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BCgFg plants were self-pollinated to produce 50 BC^Fg-derived lines in 
the F3. Each BCgFg-derived line was advanced to the F^ by self-pollinat­
ing 10 to 20 Fg plants and bulking the seed. 
A set of BCgFg-derived lines from a single generation of one mating 
will herein be referred to as a population. A particular level of back-
crossing will be called a generation. The study thus included 30 popula­
tions (6 matings x 5 generations) comprising a total of 1500 lines. 
Design and Management of Experiments 
All experiments were conducted at the ICRISAT Center near Hyderabad, 
India, on deep vertisols. The BCq, BC-j, and BCG generations of all mat­
ings were evaluated in the rabi (postrainy season) of 1980-81 and kharif 
(rainy season) of 1981 (herein referred to as R80 and K81, respectively). 
The BCg, BCg, and BC^ generations of all matings were evaluated in kharif, 
1982 (K82). Numbers of lines evaluated in each experiment are given in 
Table 2. 
The BCg and BC^ were not included in the first two experiments be­
cause seed had not yet been produced; the BCg and BC^ were not included 
in K82 because land and labor limitations permitted the evaluation of 
only three generations in any one season. Only 24 lines per mating of 
the BCq generation were evaluated in K82, due to elimination of shatter­
ing lines and larger plot size for that generation. 
Seed used to sow the R80 and K81 experiments was produced in kharif, 
1980 and rabi, 1980, respectively. Seed used in K82 to sow BCg, BCg, 
and BC^ lines was produced in rabi. 1980, summer (March to June) 1981, 
and rabi, 1981, respectively. Seed of parents was produced in all 
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Table 2. Dates of planting and numbers of lines per mating of each 
generation evaluated in R80, K81, and K82 
Experiment 
R80 K81 K82 
Date of planting 10-2-80 7-1-81 6-19-82 
Generation 
o
 
o
 50 24 0 
BC-, 50 50 0 
cm 50 50 50 
BC3 0 0 50 
BC4 0 0 50 
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seasons to permit correction for any differences due to seed source. 
Fewer than 50 lines were evaluated in some populations in K82 due to in­
sufficient seed (Table A2). All BCFg-derived lines were in the Fg 
generation in R80 and in the F^ in K81 and K82. 
All three experiments, which included lines, parents, and checks, 
were grown as randomized complete block designs with two replicates each. 
The R80 and K81 experiments were in a split-split plot arrangement. Main 
plots were matings, subplots were generations, and (nested) sub-subplots 
were lines, parents, and checks. Three or more entries of recurrent 
parents along with wild parents and checks were randomized within each 
subplot (Table A3). The K82 experiment was in a split-plot arrangement 
with matings as main plots and lines of all three generations, parents, 
and checks as (nested) subplots. One to eighteen entries each of parents 
and checks were randomized within each main plot (Table A3). In all 
experiments, parent entries did not represent single plants, but were 
taken from bulk seed. 
A plot (sub-subplot in R80 and K81 and subplot in K82) consisted of 
two rows, each four meters long, with 10 cm between plants in the row and 
75 cm between rows. There were two exceptions. All plots in BCg sub­
plots in K81 consisted of four rows of four meters each of provide a 
border since many BCgFg-derived lines were very tall and rangy when grown 
in kharif. Also, recurrent parent plots in BC^ subplots in K81 were 
bordered since recurrent parents were generally shorter than BC^Fg-
derived lines. 
Border rows were planted around the perimeter of the experiment and 
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between main plots. There were one-meter-wide alleys between ranges of 
plots. 
Experiments were sown on the date indicated in Table 2 at the rate 
of 250 seeds per plot and thinned to the correct spacing at about 20 
dctys after sowing. All fields were given a basal application of 80 
kg/ha N and a sidedressing of another 40 kg/ha N about one month after 
sowing. P and K were present in nonlimiting amounts. Carbofuran 
granules were applied at the time of sowing in R80 and K81 to prevent 
shootfly (Atheriqona soccata) damage. Furrow irrigation was applied in 
R80 at one, twenty, and forty days after sowing. The K81 and K82 exper­
iments were sprayed with endosulfan during grainfilling to prevent grain 
damage by Heliothus spp. Weeds were controlled by tractor cultivation 
and hand-weeding. Bird damage during grain filling was prevented by the 
viligance of bird-scaring personnel. 
In R80, panicles of all shattering lines and parents were covered 
with cloth mesh bags to prevent loss of seed. In K81 and K82, panicles 
of shattering lines and parents were harvested during the short interval 
between physiological maturity and the onset of shattering. This neces­
sitated taking several periodic harvests of those shattering plots that 
were segregating for maturity. 
Traits 
Traits measured in each season are listed in Tables 3 and 4. Date 
of flowering (FL) was recorded as the number of days after sowing when 
at least 50% of the panicles in a plot had begun anthesis. Height (HT) 
was measured from the ground to the panicle tip and recorded as the mean 
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Table 3. Traits evaluated, abbreviations, experiments in which evalu­
ated, units, and formulae for calculated traits 
Trait Abbrevi­
Season 
Units Formula ation R80 K81 K82 
Days to flower FL x® X X da 
Plant height HT x X X cm 
Tillers per plant TL X 
Culm girth CG X mm 
Panicle type PT X X X — 
Grain yield GY X X kg/ha GY X KP 
Dry fraction DF X — -
K82 grain yield GY X kg/ha GY X DF X KP 
100-kernel wt. KW X X X 9 
Initial 100-kernel wt. KWI X X X 9 
Kernel percentage KP X X X KW t KWI 
Kernels per plot KN X X X 1000s (GYeKW) X 6 
^Evaluated in the indicated experiment. 
120 
of five, six, and six random, competitive plants per plot in R80, K81, 
and K82, respectively. Panicle type (PT) was a visual rating (1 to 7) 
of the compactness and branch and internode length of the panicles in a 
plot, with 1 designating the most open and 7 the most compact panicle. 
Values 1 to 7 roughly corresponded to the designations 1, 2D, 3D, 3E, 4D, 
4E, and 6, respectively, of House (1980). 
Tillers per plant (TL) was the mean number of panicle-bearing 
tillers on five random, competitive plants per plot. Culm girth (CG) 
was measured with a tape approximately halfway between the ground level 
and panicle on four random, competitive plants per plot. 
All panicles were cut from each plot (or from the two center rows of 
BCq plots in K81), sun-dried, and machine-threshed; the grain was weighed 
to obtain grain yield. (In K82, the weight of panicles (PW) in each 
plot was taken before threshing.) A sample of 100 kernels was taken from 
each plot of each experiment and weighed to obtain initial kernel weight 
(KWI). In some lines, glumes adhered to the kernels after threshing. 
Glumes were removed by hand from such samples, and the kernels were 
weighed a second time to obtain kernel weight (KW). For lines with non-
adhering glumes, KW = KWI. 
In K82, a 20 to 30 g sample of kernels was taken from each plot and 
weighed. Each sample was then oven-dried and weighed again. The ratio 
of dry to initial weight was recorded as grain dry matter fraction (DF). 
One hundred-kernel samples were taken from oven-dried samples in K82. 
Seed from R80 increase rows, which was used to sow the K81 experi­
ment, also was used to assign coded values for spikelet type (SP), kernel 
Table 4. Coded values of phenotypes for classificatory seed traits 
T-aif Abbrevi- Coded value 
ation n 1 
Spikelet type SP Wild Semi-wild Intern). Semi-cult. Cult. 
Kernel color KC Black Dk. brown Lt. brown Red Tan/pink White/yellow 
Kernel shape KS Elongate Interm. Round 
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color (KC), and kernel shape (KS) to BCq, BC^, and BCG lines (Table 4). 
"Wild" spikelet type indicates complete coverage of kernels by glumes; 
"cultivated" spikelet type indicates small, nonadhering glumes. For 
lines segregating for kernel color and shape, a mean, weighted by the 
approximate proportion of seeds falling into each class, was recorded. 
Statistical Analysis 
Analyses were performed on BCFg-derived line means within experi­
ments for traits in Table 3 and on mean coded values for traits in 
Table 4. 
Phenotypic correlations were computed within populations and 
experiments. 
Intramating and intrapopulation principal component analysis was 
applied to BCFg-derived line means. For each mating or population, the 
matrix of eigenvectors, E, was found from the equation 
-(txt) ~ -(txt) -(txt)'^txt) 
where R was the phenotypic correlation matrix of the set of variables 
being considered and X was the diagonal matrix of latent roots of R. 
The eigenvector of the first principal component, was the first 
column of E. The percentage of variance accounted for by the first 
principal component was A^/t where is the first element of A and t 
is the number of traits. 
The vector of first principal component scores for a mating was 
computed as 
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-(mxl ) -(mxt ) *—1 ( txl ) 
where )( is the matrix of standardized means, x^j, for t traits of m 
BCFg-derived lines, and 
where x^.j is the raw mean of line i for trait j and Xj and Sj are the 
mean and standard deviation, respectively, for trait j within the mating. 
The proportion of intrapopulation variance accounted for by an 
intramating first principal component was V/t where V is the variance 
of ^ and 
—(nxl) —(nxt) —1 (txl) 
where there are n lines in the population and x.j is computed as before, 
except that Xj and Sj are the mean and standard deviation, respectively, 
for trait j within the population. 
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RESULTS 
Wild and cultivated parents differed considerably for all traits 
(Table 5). On the scales used, the wild parents had the higher means 
for days to flower (FL), plant height (HT), and tillers per plant (TL), 
and the lower means for all other traits. To give wild parents low 
values for all traits, the following three transformed variables were 
used in all analyses: 
FIX = 100 - FL, 
HTX = 400 - HT, 
TLX = 10 - TL. 
Mean intrapopulation phenotypic correlation coefficients for eight 
quantitative traits, including FIX, HTX, and TLX, are in Table 6. 
Entries lying above the diagonal are means over the BCq, BC^, and BCg 
generations of all six matings in R80 and K81. Entries below the 
diagonal are means over the BCg, BCg, and BC^ generations of all matings 
in K82. Correlation patterns were similar in the two sets of genera­
tions; one exception was the correlation between grain yield (GY) and 
days to flower (FL), which was 0.54** in the BCg- BCg and 0.15** in the 
BC2 - BC^. 
Because the cultivated parents had high, and the wild parents low, 
values for all traits, a positive correlation between two traits indi­
cates that, in general, lines which are similar to one parent for one 
trait are similar to the same parent for the other trait. Thus, posi­
tive correlations imply a low level of recombination among traits; 
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Table 5. Means of wild and cultivated parents for 12 traits 
Trait Mean of Mean of wild parents cultivated parents 
Grain yield® 7.1 q/ha 43.1 q/ha 
100-kernel wt.* 0.63 g 2.14 g 
Days to flower® 57.8 da 50.3 da 
Plant height^ 265 cm 171 cm 
Panicle type® 1 7 
Tillers per plant'' 4.9 1.1 
Culm girth^ 29.0 mm 43.5 mm 
Spikelet type^ 0 4 
Shattering Present Absent 
Kernel color^ 0 5 
Kernel shape^ 0 2 
Kernel fraction^ 0.69 1.00 
^Mean over K81 and K82. 
^Mean in R80. 
^Mean in K81. 
dgee Table 4. 
Table 6. Mean intrapopulation phenotypic correlation coefficients among 8 traits. Entries 
above diagonal are means over R80 and K81; those below the diagonal are from K82 
Trait 
GY KW KN FLX HTX PT TLX* CG^ 
GY 0.36** 0.87** 0.54** -0.04 -0.04 -0.19** -0.23** 
KW 0.41** - - -0.07 0.32** -0.02 0.06 -0.21** -0.13** 
KN 0.77** -0.19** 0.45** -0.05 -0.09** -0.31** -0.20** 
FLX 0.15** 0.17** 0.05 -- 0.15** -0.15** -0.08** -0.38** 
HTX -0.03 -0.07 -0.01 0.19** -- 0.34** -0.22** -0.13** 
PT 0.13** 0.14** 0.04 -0.20** 0.35** -  - 0.24** 0.17** 
TLX 0.26** 
^Recorded in R80 only. 
^Recorded in K81 only. 
**Significantly different from zero at the 1% level. 
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"recombination" in this context refers not to crossing-over between 
linked genes, but to any occurrence of traits of both wild and culti­
vated parents in the same progeny line. 
Of 43 correlation coefficients in Table 6, there are 15 with 
absolute values greater than 0.20. Ten are positive and five negative, 
indicating little restriction of recombination. Of the positive corre­
lations, some, such as GY with kernel number (KN), have an obvious 
physiological basis, whereas others, such as panicle type (PT) with 
HTX, do not. 
Principal component analysis within matings, based on nine traits 
for which wild and cultivated parents differed the most (Table 7), was 
applied to BCq, BC^, and BCG lines (genotypes). The first principal 
component is the unique linear function of the nine traits which ac­
counts for the largest proportion of the total variation among genotypes 
for those traits. In other words, if genotypes are assigned points in 
nine-dimensional space according to their means for the nine traits, 
the first principal component defines an axis which minimizes the sum 
of the perpendicular distances from all points; it is the "long axis" 
of the distribution. 
Eigenvectors (sets of coefficients of first principal-component 
scores) and percentage of total variance accounted for by the first 
principal component are in Table 7. 
Principal components are often not interpretable biologically. In 
this case, though, all elements of all eigenvectors are positive; there­
fore, component scores may be considered hybrid indices, since genotypes 
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Table 7. Eigenvectors of the first principal component in each mating 
and the percentage of total variance accounted for by the 
component 
Mating 
Trait CKx RSx 
VI AR SV VI AR SV 
KW* 0.36 0.31 0.37 0.30 0.30 0.14 
HTX* 0.38 0.38 0.41 0.07 0.39 0.35 
TLxb 0.38 0.33 0.24 0.37 0.34 0.32 
CG® 0.20 0.27 0.07 0.34 0.18 0.28 
PT® 0.39 0.39 0.42 0.42 0.42 0.44 
KP® 0.29 0.34 0.36 0.29 0.26 0.35 
KS^ 0.24 0.30 0.29 0.29 0.33 0.38 
KC^ 0.29 0.24 0.23 0.26 0.26 0.16 
Spb 0.42 0.40 0.42 0.50 0.43 0.45 
Percentage of total variance 
49 46 46 35 42 41 
®In K81. 
^In R80. 
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with relatively high means for most traits (more "cultivated" genotypes) 
will have high scores and genotypes with relatively low means ("wilder" 
genotypes) will have low scores. Furthermore, first principal com­
ponents accounted for 35-49% of the total variance within matings. 
The distribution of genotypes in nine-dimensional space thus can 
be condensed into a single linear function (a hybrid index) which 
accounts for a major part of the total variation. This hybrid index 
defines the "recombination spindle." 
In the mating CKxAR (which is representative of all matings), the 
orientation of the index is determined to a great extent by differences 
between backcross generations (Fig. 3). (The second principal com­
ponent in this case has no biological interpretation but is included 
only to produce a two-dimensional plot.) Index values of genotypes are 
closely related to the relative proportions of cultivated germplasm, 
i.e., backcross generations. This is consistent with the use of hybrid 
indices to determine the extent of introgression in studies of natural 
populations. 
On the basis of the hybrid index, lines within generations do not 
fall into distinct "wild-like" and "cultivated-like" groups (Fig. 3) 
as might be expected to happen if there were blocks of genes controlling 
complexes of wild traits. No intrageneration hybrid index distributions 
were significantly platykurtic, so there was no tendency toward 
bimodality. 
Correlations between the hybrid index and grain yield, a trait not 
included in the index, were small (0.04, 0.14, and 0.22 in the BCq, 
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Figure 3. Plot of first vs. second principal component scores for CK60B (CK), arundinaceum (AR), 
and their introgression progeny (0 = one BCoF2'-derived line, 1 = one BCiF2-derived 
line, and 2 = one BC2F2-derived line) 
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BC^, and BCg, respectively). 
Within generations, hybrid indices accounted for, on the average, 
only 19.5% of the total variation (Table 8). Thus, the "recombination 
spindle" is more a result of different gene frequencies over backcross 
generations than of linkage or pleiotropy within generations. 
Eigenvectors of first principal components within generations 
(Table 9) were not homogeneous in sign, as were those computed across 
generations. However, in no vector were there more than three negative 
loadings. There was little discernible pattern in the distribution of 
negative loadings except, perhaps, that they were most common for kernel 
weight (KW) and kernel percentage (KP). Intrageneration first princi­
pal components accounted for 21.8 to 32.1% of the total variance within 
generations of matings. 
Table 9 shows that even within generations, there is evidence for 
some restriction of recombination of traits. However, the presence of 
negative loadings and the small percentages of variance (compared with 
across-generation analysis) indicate that the restrictions are not 
strong. 
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Table 8. Percentage of total variance within generations accounted 
for by hybrid indices corresponding to the eigenvectors in 
Table 7 
Back- Mating 
cross 
gener- CKx RSx 
ati on VI AR SV VI AR SV 
0 17.9 19.4 21.7 19.1 20.2 19.9 
1 14.5 18.2 24.3 14.8 24.2 26.9 
2 16.1 16.2 25.4 15.9 16.6 20.4 
Mean 16.2 17.9 23.8 16.6 20.3 22.4 
Table 9. Eigenvectors of the first principal components within populations and the percentage 
of total variance accounted for 
Trait CKxVI CKxAR CKxSV RSxVI RSxAR RSxSV 
BCQ BC^ BCG BCQ BC, BCG BCQ BC^ BC^ BCQ BC] BCG BCQ BC^ BCG BCQ BC^ BCG 
KW - .12 .40 .36 .19 -.43 -.36 .34 .41 .22 .50 -.44 .37 -.40 .19 .52 -.45 .19 -.38 
HTX .49 .21 .41 -.24 -.29 -.06 .42 .50 .43 -.17 -.11 .25 -.12 .40 .58 .33 .34 .43 
TLX .39 .31 .13 .02 .14 .25 .35 -.20 .29 -.22 .12 -.27 .11 .37 -.11 .33 .11 .08 
CG - .10 -.15 .12 .43 .52 .50 -.14 -.28 .12 .36 .42 -.10 .44 .10 -.12 .36 .30 .56 
PT .35 .21 .44 .08 .32 .41 .47 .21 .52 .24 .31 .40 .31 .21 .21 .29 .44 .50 
KP .13 .47 .22 -.19 -.44 -.35 .39 .49 .44 .30 -.47 .44 -.34 .46 .49 -.31 .42 .03 
KS .39 .29 .33 .46 .10 .01 -.31 .07 -.04 .40 -.29 .31 .20 .36 .13 .13 .38 .21 
KC .42 .34 .26 .51 .34 .51 -.02 .07 .27 .39 .44 -.23 .42 .08 .19 .50 -.07 .05 
SP .34 .46 .50 .45 .13 .01 .33 .41 .35 .30 .10 .48 .43 .51 .16 -.08 .48 .21 
Percent of total variance 
27.5 28.4 28.4 32.1 25.0 24.6 31.3 30.2 28.1 26.7 25.3 22.1 29.4 26.6 21.8 30.6 30.6 24.9 
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DISCUSSION 
The nine traits included in the principal component analysis repre­
sent a wide range of plant and seed characters for which wild and culti­
vated sorghums differ considerably. The wild phenotype for most of the 
traits is agronomically undesirable, except under special conditions 
(for example, heavy rainfall, in which open panicles dry more rapidly). 
However, the degree of recombination among these traits is an indica­
tion of the general facility with which plant breeders can obtain de­
sired combinations of wild and cultivated phenotypes. 
In the matings studied herein, there is no evidence of strong 
obstacles to recombination of traits. The results, of course, cannot 
be extrapolated automatically to other traits or populations, but the 
set of traits used is comprehensive and the wild parents are very diverse 
both racially and geographically. 
These results are more applicable to improvement of quantitative 
traits such as grain yield, which may be affected by genes scattered 
throughout the genome, than to traits such as disease resistance, which 
may be governed by a single allele fortuitously linked to an allele with 
a deleterious effect on some other trait. Correlations between grain 
yield and the hybrid index, or between grain yield and individual traits 
other than yield components, were negligible. Therefore, grain yield 
could be improved independently of "wild" or "cultivated" trait com­
plexes. 
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GENERAL CONCLUSIONS AND DISCUSSION 
Results of each section have implications for utilization of wild 
germplasm in sorghum improvement. Theoretical results of Section I 
showed that means increased linearly with backcrossing to the superior 
parent and that genetic variance decreased nonlinearly if more than one 
F-i was crossed and sel fed per generation. These patterns of change of 
means and variances with backcrossing implied that at least one back-
cross to the superior parent would be useful. Section I also showed 
that expected variance was higher when larger numbers of plants were 
backcrossed, sel fed, and evaluated. 
Means and genetic variances found empirically in Section II devi­
ated significantly from those predicted in Section I. Unexpectedly, 
high mean heights of BCq populations and large increases in genetic 
variance from BCq to BC-j for grain yield and kernel weight indicated 
strong epistatic interactions which could "mask" useful genes and inhibit 
breeding progress. These interactions were attributed to wild regula­
tory elements. 
Given the results of Sections I and II, it was not surprising that, 
in Section III, the frequency of lines with high grain yield relative to 
the recurrent parent was low and increased with backcrossing. The value 
of a wild accession must be judged in lines containing small segments of 
wild germplasm in a cultivated background. 
Results of Section IV showed that if wild germplasm were used to 
improve quantitative traits, complexes of undesirable wild traits would 
not necessarily be carried along. 
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An example of a breeding scheme consistent with the above results 
is illustrated in Fig. Al. Multiple cultivated parents are used in 
backcrossing to increase the number of opportunities for interaction of 
wild and cultivated genes. At least 12 BCF-j plants should be back-
crossed each time to prevent loss of alleles through drift. BCgFg-
derived lines are evaluated because they contain relatively small 
amounts (average 12.5%) of wild germplasm. A base population may then 
be produced by intermating superior lines from all matings. Some method 
of recurrent selection must be applied because of the low probability 
of recovering a large number of favorable wild genes in any one line. 
Alternatively, currently available improved sorghum populations 
containing genes for male sterility could be pollinated in part with 
wild accessions or their progeny and allowed to intermate for a few 
generations before initiating selection. This method would be much 
simpler than that in Fig. Al; however, evaluation of BCgF^-derived lines 
before intermating would allow weighting of the contribution of each 
wild parent to the population, based on relative performance of its 
progeny. 
Sections I through IV show that wild sorghum races are potentially 
useful in grain sorghum improvement and suggest the most efficient ways 
to utilize them. The diversity of the cultivated sorghum gene pool is 
far from exhausted; however, the long process of producing improved 
sorghum populations containing wild germplasm should be begun now in 
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preparation for a future in which the cultivated gene pool may be more 
completely exploited. 
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APPENDIX A 
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Table Al. Numbers of BCF] plants backcrossed and selfed in each 
mating and generation 
Mating 
Generati on 
BCq EC-, BCg BC3 BC^ 
CK X VI 5 50 20 20 30 
CK X AR 11 50 20 19 33 
CK X SV 12 50 20 26 33 
RS X VI 2 50 15 17 7 
RS X AR 7 50 20 20 11 
RS X SV 6 50 10 20 8 
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Table A2. Number of lines per population in K82 
Back-
cross CKx RSx 
VI AR SV VI AR SV 
ati on 
2 50 50 50 47 50 50 
3 50 50 50 40 50 43 
4 40® 35^ 25^ 50 45 49 
®Ten of these lines were included twice in each replicate. 
^Fifteen of these lines were included twice in each replicate. 
^All 25 of these lines were included twice in each replicate. 
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Table A3. Number of plots of each parent and check sown per block 
(subplot in R80 and K81 and main plot in K82) 
Experiment 
Entry R80 K81 K82 
BCQ BC-, BCG BCQ BC-, BCG 
CK 
mat-
ings 
RS 
mat-
ings 
Recurrent parent 3 3 3 3 3 6 18 8 
Wild parent 1 1 1 1 1 1 1 1 
Ind. Syn. 387-1® 1 1 1 1 1 1 3 3 
CSH 6^ 1 1 1 1 1 1 3 3 
CSH 1^ 0 0 0 1 1 1 3 3 
^Variety check. 
^Hybrid check. 
149 
Table A4. Population means for four traits in three experiments 
Back-
Mat- cross 
ing gener- R80 K81 
ation 
Grain yield 100 kernel wt. Days to flower Hei ght 
K82 R80 K81 K82 R80 K81 K82 R80 K81 K82 
kg/ha-
CKxVI 0 12.5 16.7 
1 18.5 21.6 
2 22.8 28.3 
3 
38.0 
43.4 
46.3 
1.23 
1.69 
2.05 
1.27 
1.56 
1.88 2.17 
2.29 
2.40 
63 
63 
60 
da 
58 
59 
57 53 
54 
55 
174 
159 
140 
cm 
264 
216 
156 152 
146 
145 
CKxAR 
CKxSV 
0 
1 
2 
3 
4 
0 
1 
2 
3 
4 
9.0 
15.7 
19.7 
12.9 
18.1 
25.3 
8.5 11.5 
14.2 14.1 
20.0 23.2 
38.8 
42.9 
48.4 
34.5 
43.8 
43.7 
1.33 
1.74 
1.97 
1 . 2 8  
1.83 
2.09 
1.24 
1.57 
1.72 
1 .22  
1.45 
1.86 
2.03 
2.17 
2.26 
2.17 
2.26 
2.30 
63 
62 
60 
69 
63 
59 
62 
61 
57 
59 
59 
55 
55 
55 
55 
53 
56 
56 
157 
152 
138 
176 
157 
143 
297 
225 
166 170 
156 
138 
294 
237 
176 173 
155 
150 
RSxVI 
RSxAR 
RSxSV 
0 
1 
2 
3 
4 
0 
1 
2 
3 
4 
0 
1 
2 
3 
4 
12.1 
17.2 
21.3 
9.3 
16.7 
16.3 
17.3 
21.1 
31.9 
12.1 
20.8 
20.2 
6.2 7.4 
7.6 12.5 
14.0 19.1 
46.2 
47.8 
47.4 
34.6 
41.9 
44.5 
38.1 
45.6 
44.7 
1.25 
1.68 
1.91 
1.34 
1.90 
2.14 
1.44 
1.68 
2.10 
1.33 
1.39 
1.69 
1.22 
1.55 
1.64 
1.39 
1.34 
1.56 
1.90 
2.04 
2.19 
1.83 
2.03 
2.18 
1.82 
1.94 
1.87 
67 
69 
60 
70 
66 
64 
72 
75 
67 
55 
60 
60 
60 
60 
62 
62 
63 
62 
60 
59 
60 
61 
60 
62 
60 
61 
60 
166 
161 
154 
150 
142 
138 
166 
128 
128 
249 
250 
245 225 
203 
199 
290 
229 
217 207 
210 
210 
274 
217 
209 194 
201 
190 
Standard 
error 1.1 0.6 0.7 0.02 0.03 0.03 0.9 0.2 0.2 4.4 5.1 1.2 
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Table A5a. Adjusted population means for five traits measured in K81 
and K82 
Mating Backcross generation 
Grain 
yield 
100-kernel 
weight 
Days to 
flower 
Plant 
height 
Panic' 
type 
kg/ha 9 da cm 
CKxVI 0 19.4 1.37 56.1 261 2.6 
1 25.1 1.68 57.4 213 4.8 
2 32.9 2.03 55.1 154 5.8 
3 37.3 2.14 56.2 148 6.8 
4 39.8 2.24 56.3 147 7.0 
CKxAR 0 16.0 1.35 60.9 301 2.4 
1 22.4 1.71 59.6 228 5.0 
2 31.4 1.88 55.9 168 6.0 
3 34.0 2.00 55.8 154 6.7 
4 38.7 2.09 55.9 136 7.0 
CKxSV 0 14.1 1.32 54.0 292 2.1 
1 17.3 1.57 53.8 235 4-3 
2 28.5 2.02 53.9 175 6.0 
3 35.8 2.10 56.4 156 6.6 
4 36.0 2.14 56.2 151 6.9 
RSxVI 0 20.5 1.41 55.0 239 2.6 
1 25.0 1.48 59.7 240 4.5 
2 37.9 1.80 59.9 235 5.6 
3 39.1 1.93 59.6 212 6.3 
4 39.8 2.07 60.3 208 6.8 
RSxAR 0 16.0 1.29 59.4 283 2.1 
1 26.6 1.64 60.0 224 5.2 
2 26.8 1.74 61.2 212 6.1 
3 32.1 1.92 60.6 215 6.7 
4 34.1 2.07 62.3 215 6.7 
RSxSV 0 10.7 1.51 61.6 264 2.2 
1 18.1 1.45 62.2 209 4.8 
2 27.7 1.69 61.0 202 6.1 
3 32.8 1.80 62.0 209 6.7 
4 32.2 1.74 61.2 197 6.7 
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Table A5b. Population means for five traits in K82 
Mating generaîSn 
Panicle 
weight 
Threshing 
percentage 
Biological 
yield 
Harvest 
index 
Stover 
yield 
kg/ha % kg/ha % kg/ha 
CKxVI 2 46.6 81.5 61.8 59.4 16.1 
3 51.5 82.0 67.1 61.9 16.4 
4 54.8 83.0 72.2 63.4 17.3 
CKxAR 2 45.9 80.0 63.6 57.6 18.1 
3 49.7 81.5 67.0 62.7 15.4 
4 56.2 82.0 71.1 63.6 15.9 
CKxSV 2 43.0 76.0 63.5 52.2 20.3 
3 52.0 81.0 71.1 59.6 19.0 
4 52.9 79.5 75.3 62.3 17.8 
RSxVI 2 55.1 79.0 77.1 55.4 23.0 
3 55.9 80.5 77.3 58.6 21.7 
4 55.3 80.5 77.6 56.9 22.9 
RSxAR 2 44.0 . 73.5 63.1 51.3 21.7 
3 50.1 79.5 73.9 56.0 22.9 
4 53.2 80.0 74.0 55.1 23.1 
RSxSV 2 46.4 77.5 68.6 53.8 21.4 
3 54.0 79.5 76.9 60.0 23.1 
4 52.4 80.5 74.0 57.0 21.7 
Standard 
error 1.1 0.6 1.5 0.8 0.7 
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Table A6. Analyses of variance within matings for grain yield in K81 
Source of 
variation n/«i/T ri/^Ao ri^«cw DC i i o  ur freedom CKxVI CKxAR CKxSV RSxVI RSxAR RSxSV 
Replicates 1 241 1034^^ 1 287 749 479 
Generati ons 2 2832* 325Z** 3158*^ 4777** 1974** 5344** 
Error (a) 2 134 3 7 4 15 6 
Lines/generations 121 55** 97** 129** 147** 114** 
Lines/BCg 23 34^* M** 45** 41** 72** 
Lines/BC-j 49 78^^ 103*^ 123** 135^* 151** m** 
Lines/BC2 49 42*^ 78*^ 97** 174*^ 192** }Z5** 
Error (b) 121 21 14 9 24 37 27 
•Significant at the 5% level. 
••Significant at the 1% level. 
Table A7. Analyses of variance within matings for 100-kernel weight in K81 
Source of Degrees of 
variation freedom cRxvl CKxAR CKxSV RSxVI RSxAR RSxSV 
Replicates 1 0.851** 0.582** 0.001 0.138* 0.100 0.183* 
Generations 2 7.758** 5.120** 8.715** 3.058* 4.068** 1.123* 
Error (a) 2 0.003 0.042 0.149 0.114 0.052 0.012 
Lines/generations 121 0.130** 0.115** 0.168** 0.132** 0.182** 0.188** 
Lines/BCg 23 0.085** 0.070** 0.090** 0.068** 0.166** 0.129** 
Lines/BC-j 49 0.153** 0.156** 0.194** 0.147** 0.129** 0.215** 
Lines/BCg 49 0.128** 0.095** 0.178** 0.146** 0.253** 0.189** 
Error (b) 121 0.038 0.026 0.033 0.030 0.043 0.044 
•Significant at the 5% level. 
••Significant at the 1% level. 
Table A8. Analyses of variance within matings for days to flower in K81 
Source of degrees Mating 
variation UT freedom 
' CKxVI CKxAR CKxSV RSxVI RSxAR RSxSV 
Replicates 1 765.8** 427.0** 8.9 4.2 35.5** 55.4** 
Generations 2 125.2* 580.9* 490.0** 633.6** 69.9 30.0 
Error (a) 2 1.5 4.0 1.1 0.5 6.9 7.5 
Lines/generations 121 27.7** 51.8** 51.5** 17.2** 31.2** 41.3** 
Lines/BCg 23 38.7** 81.9** 18.6** 24.0** 33.4** 45.4** 
Lines/BC"! 49 37.1** 59.2** 82.7** 23.2** 33.6** 60.4** 
Lines/BCg 49 13.1** 30.3** 35.7** 7.9** 27.8** 20.3** 
Error (b) 121 3.7 2.2 3.2 1.7 4.2 3.9 
*Signifleant at the 5% level. 
**Significant at the 1% level. 
Table A9. Analyses of variance within matings for plant height in K81 
Source of 
variation 
Degrees 
of 
freedom 
Mating 
CKxVI CKxAR bKxSV RSxVI RSxAR RSxSV 
Replicates 1 1549** 8493** 441** 1163** 13939** 45162** 
Generations 2 239705** 355746** 290057** 507 126585* 104778* 
Error (a) 2 1117 4054 874 503 578 5720 
Lines/generations 121 2877** 3686** 5098** 3680** 3198** 3703** 
Lines/BCg 23 2325** 3901** 6793** 1736** 2636** 4161** 
Lines/BC-] 49 3844** 3704** 7027** 4910** 3337** 3872** 
Lines/BCg 49 2170** 3567** 2373** 3363** 3324** 3319** 
Error (b) 121 317 391 375 192 282 414 
•Significant at the 5% level. 
••Significant at the 1% level. 
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Table AlO. Degrees of freedom (D.F.) and mean squares (M.S.) in the analyses of variance within 
matings for grain yield in K82 
Mating 
Source of 
variation CKxVI CKxAR CKxSV RSxVI RSxAR RSxSV 
D.F. M.S. D.F. M.S. D.F. M.S. D.F. M.S. D.F. M.S. D.F. M.S. 
Replicates 1 4 1 223** 1 40 1 25 1 109** 1 471** 
CP® vs. lines 1 1281** 1 289** 1 1926** 1 447** 1 108** 1 459** 
Generations 2 1624** 2 2161** 2 2686** 2 104** 2 2041** 2 1043** 
Lines/Generations 134 96** 130 no** 121 227** 130 122** 138 151** 137 123** 
Lines/BCg 48 110** 49 176** 49 274** 43 108** 46 208** 49 186** 
Lines/BCg 48 79** 47 70 48 158** 39 66 48 137** 41 126** 
Lines/BC^ 38 101** 34 69 24 266** 48 103** 44 108** 47 54 
Error 179 33 165 60 197 58 168 46 146 38 140 . 49 
^Cultivated (recurrent) parent. 
**Significant at the 1% level. 
Table All. Degrees of freedom (D.F.) and mean squares (M.S.) in the analyses of variance within 
matings for 100-kernel weight in K82 
Mating 
Source of 
variation CKxVI CKxAR CKxSV RSxVI RSxAR RSxSV 
D.F. M.S. D.F. M.S. D.F. M.S. D.F. M.S. D.F. M.S. D.F. M.S. 
Replicates 1 0.056 1 0.010 1 0.255** 1 0.095** 1 1.330** 1 1.523** 
CP^ vs. lines 1 0.386** 1 1.112** 1 0.958** 1 0.255* 1 0.147 1 0.613** 
Generations 2 1.191** 2 1.294** 2 0.479** 2 2.189** 2 2.883** 2 0.285** 
Lines/ 
generations 134 0.102** 130 0.080** 120 0.183** 130 0.118** 140 0.145** 138 0,164** 
Lines/BCg 48 0.120** 49 0.102** 48 0.287** 43 0.130** 48 0.215** 49 0.212** 
Lines/BCg 48 0.061** 47 0.063** 48 0.092** 39 0.111** 48 0.112** 42 0.162** 
Lines/BC^ 38 0.386** 34 0.070** 24 0.157** 48 0.113** 44 0.102** 47 0.117** 
Error 184 0.031 179 0.036 198 0.044 169 0.046 146 0.049 146 0.061 
^Cultivated (recurrent) parent. 
•Significant at the ^% level. 
**Significant at the 5% level. 
Table A12. Degrees of freedom (D.F.) and mean squares (M.S.) in the analyses of variance within 
matings for days to flower in K82 
Mating 
CKxVI CKxAR CKxSV RSxVI RSxAR RSxSV 
variation M.S. D.F. M.S. D.F. M.S. D.F. M.S. D.F. M.S. D.F. M.S. 
Replicates 1 554.7** 1 1082.6** 1 5.7 1 68.3** 1 145.6** 1 221.5** 
CP® vs. lines 1 3.5** 1 2.8 1 5.6 1 2.0** 0.1 2.3 
Generations 2 43.2** 2 0.7 2 182.7** 2 34.6** 2 83.2** 2 44.3** 
Lines/ 
generations 134 13.3** 130 20.0** 121 41.1** 130 15.5** 140 35.3** 138 23.6** 
Lines/BCg 48 24.3** 49 42.4** 49 57.6** 43 20.4** 48 70.0** 49 35.9** 
Lines/BCg 48 8.8** 47 6.6** 48 15.7** 39 16.7** 48 20.1** 42 19.1** 
Lines/BC^ 38 5.1** 34 6.2** 24 58.3** 48 10.2** 44 13.9** 47 14.9** 
Error 191 1.1 195 1.7 207 2.3 175 1.4 155 1.8 156 1.6 
^Cultivated (recurrent) parent. 
**Signifleant at the 5% level. 
Table A13. Degrees of freedom (D.F.) and mean squares (M.S.) in the analyses of variance within 
matings for plant height in K82 
Matinq 
variation CKxVI CKxAR CKxSV RSxVI RSxAR RSxSV 
D.F. M.S. D.F. M.S. D.F. M.S. D.F. M.S. D.F. M.S. D.F. M.S. 
Replicates 1 830** 1 16 1 21 1 3258** 1 1 1 684* 
CP® vs. lines 1 7858** 1 17526** 1 26513** 1 670** 1 414 1 28 
Generations 2 1673** 2 26320** 2 14450** 2 15261** 2 136 2 3329** 
Lines/ 
generations 134 1154** 130 1397** 121 2860** 130 1574** 140 1357** 138 2239** 
Lines/BCg 48 1547** 49 1876** 49 1972** 43 2364** 48 1988** 49 3967** 
Lines/BC] 48 599** 47 1522** 48 2642** 39 1166** 48 1099** 42 1250** 
Lines/BC^ 38 1358** 34 535** 24 5111** 49 1199** 44 949** 47 1320** 
Error 176 83 195 90 207 129 175 257 155 160 156 124 
^Cultivated (recurrent) parent. 
•Significant at the 1% level. 
**Significant at the 5% level. 
Table A14. Population genetic variance components for four traits in three experiments 
Mat­
Back-
cross 
Grain yield 100 kernel wt. Days to flower Height 
ing gener 
ation "R80 K81 K82 R80 K81 K82 R80 K81 K82 R80 K81 K82 
CKxVI 0 
1 
2 
3 
4 
21.4 
27.1 
12.3 
13.4 
27.2 
8.2 38.3 
22.7 
33.8 
.034 
.057 
.027 
.029 
.058 
.042 .045 
.015 
.051 
53.7 
50.5 
8.1 
18.4 
15.9 
5.2 11.6 
3.9 
2.0 
284 
337 
386 
995 
1696 
999 732 
258 
638 
CKxAR 0 
1 
2 
3 
4 
17.6 
14.0 
12.0 
28.4 
47.8 
26.8 57.9 
nsB 
ns 
.039 
.055 
.052 
.022 
.065 
.036 .033 
.014 
.017 
40.8 
38.8 
14.5 
40.4 
28.3 
14.1 20.4 
2.5 
2.3 
185 
327 
202 
1789 
1701 
1528 893 
716 
223 
CKxSV 0 
1 
2 
3 
4 
15.4 
25.6 
4.1 
17.9 
56.5 
43.4 108.2 
50.3 
104.3 
.033 
.056 
.074 
.033 
.086 
.065 .122 
.024 
.057 
105.4 
52.1 
12.5 
8.1 
39.2 
16.8 27.6 
6.7 
28.0 
152 
408 
273 
3248 
3305 
1003 922 
1256 
2491 
RSxVI 0 
1 
2 
3 
4 
16.9 
39.9 
28.0 
13.2 
52.0 
66.1 30.7 
ns 
32.9 
.038 
.125 
.047 
.016 
.057 
.072 .042 
.033 
.034 
32.7 
78.1 
7.0 
10.9 
10.5 
3.1 9.5 
7.7 
2.9 
372 
826 
216 
748 
2306 
1621 1054 
455 
471 
RSxAR 0 
1 
2 
3 
4 
12.5 
31.1 
21.6 
14.2 
61.0 
74.7 84.9 
49.1 
34.9 
.037 
.071 
.099 
.062 
.043 
.105 .048 
.032 
.027 
33.7 
74.9 
72.7 
12.1 
15.6 
12.1 34.1 
9.2 
6.1 
150 
178 
213 
1197 
1498 
1542 914 
470 
395 
^Mean square for lines was not significant. 
Table AM (Continued) 
Grain yield 100 kernel wt. Days to flower Height Mat- cross 
G^ner- pgg K82 R80 K81 K82 R80 K81 K82 R80 K81 K82 
RSxSV 0 25.2 31.6 .050 .029 67.2 19.7 245 1964 
1 21.6 50.6 .041 .094 71.5 28.2 467 1610 
2 19.4 36.8 68.4 .087 .070 .076 49.2 8.8 17.2 254 1527 1922 
3 38.4 .051 8.8 563 
4 ns .026 6.7 1196 
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Table A15. Adjusted genetic variance components for four traits 
measured in K81 and K82 
Mating Backcross generation 
Grain 
yield 
100-kernel 
weight 
Days to 
flower 
Plant 
hei ght 
CK X VI 0 37.9 .030 29.8 862 
1 77.0 .060 25.6 1469 
2 23.2 .044 8.4 866 
3 13.8 .015 2.8 305 
4 20.5 .049 1.4 754 
CK X AR 0 45.0 .021 49.4 1417 
1 75.5 .063 34.6 1347 
2 42.4 .035 17.3 1202 
3 ns& .014 2.1 971 
4 ns .018 1.9 302 
CK X SV 0 31.3 .047 10.7 3117 
1 98.9 .124 51.8 3171 
2 75.8 .094 22.2 963 
3 36.6 .018 5.4 1311 
4 75.8 .043 22.6 2600 
RS X VI 0 9.7 .013 22.2 949 
1 38.1 .045 21.3 2926 
2 48.4 .057 6.3 1338 
3 ns .044 5.1 577 
4 51.8 .045 1.9 598 
RS X AR 0 15.2 .045 23.1 953 
1 65.1 .031 29.7 1193 
2 79.8 .077 23.1 1228 
3 46.2 .050 6.2 632 
4 32.8 .042 4.1 531 
RS X SV 0 45.2 .030 29.1 2217 
1 72.3 .098 41.7 1818 
2 52.6 .073 13.0 1725 
3 29.5 .049 6.7 505 
4 ns .027 5.1 1073 
^Mean square for lines not significant. 
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Table Al6. Population genetic variance components for five traits 
in K82 
Mating Backcross generation 
Panicle 
weight 
Biological 
yield 
Harvest 
index 
Thresing 
percentage 
Stover 
yield 
CKxVI 2 54.0 38.7 35.6 20.2 4.9 
3 25.5 ns® 18.0 4.1 9.1 
4 37.2 ns 47.2 5.7 4.5 
CKxAR 2 69.5 70.5 25.5 14.2 33.4 
3 ns ns ns ns ns 
4 ns ns ns ns ns 
CKxSV 2 105.3 34.4 118.1 131.7 11.0 
3 58.7 103.9 23.9 6.9 7.8 
4 114.7 44.4 24.9 14.2 13.8 
RSxVI 2 39.6 ns. 39.4 4.9 26.8 
3 ns __b 4.1 — —  
4 40.9 — —  " 4.1 — —  
RSxAR 2 97.9 » w 59.9 M 
3 62.7 — —  8.6 — —  
4 43.5 ns — — 
RSxSV 2 75.5 106.4 69.7 29.9 33.3 
3 45.9 61.3 16.5 12.2 ns 
4 ns 20.6 10.3 ns 11.9 
^Mean square for lines not significant. 
^Only one replicate evaluated. 
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Table Al7. Expected coefficients of genetic variance, based on a 
simple additive model, for five generations of six 
matings 
Back-
cross 
gener-
ati on 
Mating 
CKxVI CKxAR CKxSV RSxVI RSxAR RSxSV 
0 0.479 0.479 0.479 0.479 0.479 0.479 
1 0.485 0.485 0.485 0.442 0.485 0.485 
2 0.292 0.292 0.292 0.278 0.292 0.282 
3 0.154 0.153 0.155 0.147 0.154 0.150 
4 0.072 0.072 0.066 0.069 0.072 0.070 
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Table Al8. Standard errors of variance components listed in Table A16 
Back- Grain 100-kernel Days to Plant 
Mat- cross yield wt^ flower height 
ing gener-[^gQ i^g-j pgg K81 K82 R80 K81 K82 R80 K81 K82 
CKxVI 0 5.2 4.8 .010 .009 11.4 3.3 84 232 
1 7.6 8.1 .014 .016 10.5 3.7 77 383 
2 3.5 4.8 11.5 .010 .013 .013 1.9 1.3 2.7 81 215 169 
3 8.1 .006 1.0 64 
4 10.5 .014 0.5 148 
CKxAR 0 5.0 9.3 .013 .008 11.2 8.1 64 387 
1 4.0 10.2 .014 .016 8.8 5.9 97 367 
2 4.9 8.1 18.3 .015 .010 .011 3.8 3.0 4.7 71 356 206 
3 — —  .006 0.7 166 
4 .007 0.7 57 
CKxSV 0 4.1 6.0 .009 .009 22.6 1.9 85 673 
1 6.7 12.2 .015 .019 11.7 8.2 104 697 
2 3.2 9.7 29.1 .017 .018 .031 2.9 3.6 6.3 63 237 215 
3 16.4 .009 1.7 289 
4 28.2 .017 6.4 561 
RSxVI 0 4.8 6.5 .012 .007 9.1 2.4 105 171 
1 9.6 13.6 .029 .015 17.6 2.3 188 487 
2 8.3 17.7 11.1 .011 .020 .014 1.6 0.8 2.2 52 334 256 
3 — — .011 1.8 124 
4 19.0 .012 0.8 127 
RSxAR 0 4.3 11.4 .013 .017 11.2 3.4 54 262 
1 9.2 15.2 .018 .014 21.4 3.3 55 332 
2 5.5 19.5 23.3 .028 .025 .015 15.4 2.8 7.7 45 329 216 
3 15.5 .012 2.2 118 
4 12.4 .010 1.5 102 
RSxSV 0 5.6 10.1 .013 .014 15.4 4.5 91 411 
1 5.5 11.3 .014 .021 16.3 6.0 112 388 
2 5.6 13.4 19.6 .027 .019 .022 11.1 2.0 3.9 61 329 436 
3 13.0 .017 2.1 136 
4 .012 1.6 275 
Table A19. Analyses of variance among mating means within generations for grain yield 
Source of 
variation 
BCq BC^ BCg BC3 BC4 
D.F. M.S. D.F. M.S. D.F. M.S. D. F. M.S. D.F. M.S. 
Rep1i cates/experi men ts 2 21.4** 2 26.6** 3 23.0** 1 2.1 1 13.2* 
Experiments 1 68.0** 1 56.0** 2 1185.2** 
Cpa 1 7.4* 1 6.5 1 8.8 1 8.7 1 1.1 
Wpb 2 79.7** 2 122.6** 2 152.1** 2 10.8 2 8.0 
CP X WP 2 6.4* 2 17.9** 2 47.2** 2 17.5 2 8.2 
Experiments x CP 1 0.6 1 9.6 2 30.7** 
Experiments x WP 2 3.3 2 0.8 4 4.9 
Experiments x CP x WP 2 1.0 2 2.3 4 10.0 
Error 10 1.2 10 2.4 15 3.3 5 3.4 5 2.0 
®Among means of progeny of cultivated parents. 
''Among means of progeny of wild parents. 
•Significant at the 5% level. 
••Significant at the 1% level. 
167 
Cl X W1 
\ 
C2 X BCr 
\ 
C3 X BCi 
i 
Many BCgFg plants 
(Visual Selection) 
BC2F2-clerived lines 
(Yield 
Select) 
Test, 
C4 X W2 
\ 
C5 X BCQ 
C6 X BC, 
 
\ 
i 
Many BCgFg plants 
(Visual Selection) 
BCgFg-derived lines 
(Yield Test, 
Select) 
Intermate 
1 
Recurrent Selection 
1 
C7 X W3 
\ 
C8 X BCn 
\ 
C9 X BC^ 
1 
Many BC2F2 plants 
(Visual Selection) 
BC2F2-derived lines 
(Yield Test, 
Select) 
Figure Al. Breeding program utilizing wild germplasm. C1-C9 are dif­
ferent cultivated parents. W1-W3 are different wild 
parents 
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APPENDIX B. DERIVATION OF Vg(F^)^ 
For brevity, let x = x^, n = n^, p = , and a = a^.. 
= I TTT&R P'D-P)"" (; 
= z Hrbrr p'fi-p'""" (fxi -
' P^'l(x-lS?(i-x)! p'^^l-P)"-" - (ïï) ^'l(x-i)l}L). ^P'd-P)"" 
= pa^- ^)«^J(x-l"!(n-x)! (x-l)p''(l-p)""*-(5p)pa2l(^.,|î(j^-),p*^0-p)""' 
= pa^- (^) =^I(x-2)!(Jix)! P*(l-P'"'* - Pa^ 
= (1 - pa^ - (^)(n-l)P^a^ï(x.2)i(nix)! P^'^d-P)""* 
= (1 - •^) pa^ - (^) (M-1 ) 
= (1 - ^) Pa^ - (1 - pfa? 
= (1 - p(l-p) a^ 
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APPENDIX C. DERIVATION OF VgfFg/F^y. 
Vg(F2/Fl)i = 
(1)91 Y m&r [(^-^) + (i-$) + ^  ]4 
W=1 Y=1 
(f)^[a^n(w-i)ii!Z! -7) + aflIw!Y!(z!l)! "f) 
+ ^ (V)(V-1) a^II(w-iSmîî-i)! 
= - V n (w-l)!Y!Z! - (^) a^ 
+ 1 - ("J") ê II mjyIIZII)! (^ )"(f)^ )^^ (Z-l) - (w) 
+ (•^)(V^-V)(-^){^) a^] 
= (^)®[^a^- ^V-l)a^ - 1 (V-1) a^-^ a^+l(l -^)a^] 
= (7)® [^{1 - 7) - - 7) + - 7)]a^ 
= (1 - a^ . 
